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ABSTRACT 
    This research has developed a novel photocatalyst (TiO2/porous boron nitride 
nanosheets composites, TiO2/P-BNNSs) for the main purpose of efficiently treating 
textile dyeing wastewater. TiO2/P-BNNSs with exceptional photocatalytic 
performance were firstly determined, followed by exploring the mechanism of their 
improved photocatalytic activity. Applications of these composites were further 
employed in the cotton and wool dyeing effluents, aiming at colour and heavy metal 
ions removal. Specific influences of compositions in the effluent system such as pH, 
inorganic salts and concentration ratio of dyes/heavy metal, on dyes or heavy metal 
ions were discussed.  
    TiO2/P-BNNSs were prepared by in-situ synthesis TiO2 on porous BNNSs using a 
solvothermal method. The prepared TiO2/P-BNNSs showed better photo degradation 
effect for Rhodamine B (RhB) than commercial TiO2 (P25), synthesised TiO2 and non-
porous TiO2/BNNSs composites (TiO2/NP-BNNSs) in distilled water, exhibiting 
superior photocatalytic performance. Among all of the prepared TiO2/P-BNNSs (with 
TiO2 weight percentage were 18 wt %, 38 wt % and 51 wt %), TiO2/P-BNNSs (38 
wt %) degraded the highest RhB percentage and were thus selected as the optimised 
TiO2/P-BNNSs, which were proved to perform well in both simulated solar light 
irradiation (λ>300 nm) and visible light irradiation (λ>420 nm) in terms of RhB 
degradation and Cr (VI) reduction in distilled water, and were further characterised by 
XRD, FTIR, TEM, XPS, UV/Vis. and N2 adsorption-desorption equilibrium.  
    The XRD pattern of TiO2/P-BNNSs (38 wt %) revealed that loaded TiO2 particles 
were anatase phase, while TEM images not only showed the crystalline structure of 
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TiO2 particles, but also revealed the sizes (7-15 nm) of TiO2 particles and their uniform 
distribution on porous BNNSs.  
    XPS results of TiO2/P-BNNSs (38 wt %) confirmed the bond (B-O-Ti) formation 
between TiO2 and porous BNNSs, which could not be found in TiO2/NP-BNNSs, 
implying the importance of applying porous BNNSs as a support for TiO2 for the 
enhanced photocatalytic activity. UV/Vis. absorbance spectra of TiO2/P-BNNSs (38 
wt %) showed a red shift compared with that of the synthesised TiO2, revealing a 
possible energy level rearrangement during the synthesis process. N2 adsorption-
desorption equilibrium results of TiO2/P-BNNSs (38 wt %) also showed a higher 
surface area (263 m2 g-1) than that of the synthesised TiO2 (56 m2 g-1), which resulted 
in their higher adsorption ability. 
    Narrowed band gap of TiO2/P-BNNSs (38 wt %) was confirmed by Kubelka-Munk 
function and their excellent performance in the simulated visible light irradiation while 
the electron-hole separations were proved by photocurrent measurements and photo-
induced chemiluminescence measurements, which suggest a high electron mobility on 
surface of TiO2/P-BNNSs (38 wt %) and a large population of free radicals produced 
from TiO2/P-BNNSs (38 wt %), respectively. Exotic B-O-Ti bonds were believed to 
be responsible for the band gap narrowing and accelerated electron-hole separation. It 
is assumed that energy level of TiO2 was rearranged during the formation of B-O-Ti 
bonds, leading to band gap narrowing. Also, these bonds provided a spatial condition 
for photo-induced electrons to be transferred from TiO2 to porous BNNSs, retarding 
the electron-hole recombination considerably. The porous BNNSs with a large surface 
area not only acted as a sink for electrons but also endowed TiO2/P-BNNSs (38 wt %) 
with high adsorption ability, which enabled the quick adsorption of pollutants on TiO2 
surfaces, leading to a high photo reaction rate.   
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    The optimised TiO2/P-BNNSs (38 wt %) were investigated to remove colour in the 
cotton dyeing effluent, which was simulated with the presence of inorganic salts (NaCl 
and Na2CO3), alkali (pH=11) and reactive dyes (Reactive Yellow 161, RY161). 
Despite the fact that both inorganic salts and alkali suppressed RY161 decolourisation, 
TiO2/P-BNNSs (38 wt %) showed a higher decolourisation percentage for RY161 than 
either P25 or synthesised TiO2 in both unhydrolysed and hydrolysed simulated cotton 
dyeing effluents. Good reusability of these composites was also confirmed by several 
cycles of use, and the RY161 decolourisation percentage remained at 87% after 5 
cycles in the unhydrolysed system and at 100% in the hydrolysed system. 
    Removal of Lanaset Red 2B (LR2B) and hexavalent chromium ions (Cr (VI)) with 
application of TiO2/P-BNNSs (38 wt %) was also carried out in a simulated wool 
dyeing effluent which contained wetting, levelling agents and inorganic salts (sodium 
acetate). Respective LR2B and Cr (VI) removal as well as their simultaneous removal 
were studied in this simulated system. LR2B removal declined with the addition of Cr 
(VI), and vice versa. These decreases are possibly ascribed to the competiveness 
between LR2B and Cr (VI) for active sites on TiO2/P-BNNSs (38 wt %) or the 
deactivation of TiO2/P-BNNSs (38 wt %), which can adsorb by products (Cr (OH) 3) 
from Cr (VI) reduction. The recyclability of TiO2/P-BNNSs (38 wt %) for 
simultaneous LR2B and Cr (VI) removal in the simulated wool dyeing bath confirmed 
their potentials for the practical wool dyeing wastewater treatment. 
    To summarise, the TiO2/P-BNNSs (38 wt %) with excellent photocatalytic activity 
have been synthesised successfully. The hypothesised mechanism of their enhanced 
photocatalytic performance has been demonstrated and their applications in textile 
dyeing wastewater have been explored. 
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1 INTRODUCTION 
1.1 Background 
    Wastewater derived from textile dyeing processing specially raises grave concerns 
over environmental safety as it contains a number of hazardous components such as 
residual dyes, salts, heavy metals and surfactants. Global textiles consumption 
approaches around 30 million tonnes with an expected growth rate at 3% per annum. 
The colouration for these textiles requires dyes and pigments with a sum up to 8 × 105 
tonnes world widely each year.1 The World Bank estimates about 17 to 20% of industry 
water pollution coming from textile wastewater.2  
    In order to alleviate the negative effects of textile pollution on the environment, 
some countries have established stringent standards to control the textile dyeing 
wastewater discharge.3 It is therefore of paramount significance to convert textile 
dyeing wastewater into harmless water before discharging it into drainage system 
through an efficient and cost-effective technique, which will lead a huge potential 
market to textile enterprises.  
    Different methods to treat dyeing textile wastewater have been investigated over the 
past years. Compared with physical treatment, chemical treatment and biological 
treatment,4-9 advanced oxidation treatment is the main method that has been exploited 
given its cost-effectiveness and an environmentally benign nature.10-21 Of the existing 
semiconductor photocatalyst materials that have been applied in advanced oxidation 
treatment, titanium dioxide (TiO2) has attracted more research attention owing to its 
reliable long-term stability, high chemical inertness, corrosive resistance, cost-
effectiveness and low impact on the environment. However, there are some hindrances 
to the photocatalytic applications of TiO2, and one of the major problems is the low 
quantum efficiency due to the recombination of electron-hole pairs.22-26 In addition, 
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TiO2 photocatalysis has been mostly used to eliminate organic dyes and inorganic 
heavy metals from contaminated water. However the dyeing effluent still contains 
other substances such as inorganic salts, which cannot be removed by this technique 
and may jeopardise the ability of TiO2 to eliminate organic and heavy metallic 
compounds.11, 27  
    Fabricating composites using 2-dimensional (2D) nanosheets as a support for TiO2 
has raised scientists’ interest in recent years. TiO2/graphene nanosheets composites 
have derived advantages of graphene nanosheets including their large surface area, 
where electrons could be transferred and localised, thus facilitating photo-induced 
electrons and holes separation to improve the photocatalytic performance.28 However, 
the low thermal stability and black colour of graphene nanosheets may limit such 
applications greatly under certain circumstances.  
    In contrast, boron nitride nanosheets (BNNSs), an analogue to graphene nanosheets, 
also known as “white graphene”, have attracted numerous attention recently. Due to 
their excellent thermal conductivity and stability, chemical inertness, and adsorption 
capability, BNNSs have been used in many fields including wastewater treatment and 
have been demonstrated to play an excellent supporting role for nanoparticles.29, 30 
Though TiO2/BNNSs hybrids were designed recently which showed good 
photocatalytic performance even in the simulated visible light irradiation in terms of 
organic compounds remediation, the mechanism of their improved photocatalytic 
activity has been remaining elusive and no reports regarding the removal of inorganic 
poisonous substances by TiO2/BNNSs hybrids have been published. The key question 
of this research is would incorporating TiO2 on porous BNNSs significantly improve 
the photocatalytic activity of TiO2, hence making TiO2/porous BNNSs composites a 
potential candidate material for textile dyehouse wastewater treatment? 
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1.2 Research hypothesis and objectives  
    This project aims to tackle the challenge in the treatment of textile dyeing 
wastewater through a functional composite material combining photocatalytic TiO2 
particles with the supporting porous BNNSs. Mechanism of their improved 
photocatalytic performance was explored by theoretical calculations and experimental 
demonstrations. Several simulations of textile dyeing wastewater were carried out to 
investigate how the integral textile dyeing wastewater system influenced dyes and 
heavy metal ions removal. A sufficient recyclability of TiO2/porous BNNSs 
composites (TiO2/P-BNNSs) was also explored for reuse in up-scale applications. The 
main objectives of this research are as follows: 
x To investigate photocatalytic performance of TiO2/P-BNNSs with 
different TiO2 loading to determine the optimised TiO2/P-BNNSs with 
the highest photocatalytic activity. 
x To explore the mechanism of the improved photocatalytic activity of 
the optimised TiO2/P-BNNSs.  
x To study parameters including pH, inorganic salts, catalyst loading, etc. 
on colour or heavy metal ions removal in the simulated textile dyeing 
effluent systems. 
1.3 Scope and limitation of the study 
    This project was focused on fabricating a novel photocatalytic material by 
combining TiO2 and porous BNNSs to prepare TiO2/P-BNNSs and their applications 
in textile dyeing wastewater treatment. The main aim of this project was to find out 
the optimised TiO2/P-BNNSs with excellent photocatalytic performance and learn the 
mechanism of the improved photocatalytic activity. In order to make the most use of 
the optimised TiO2/P-BNNSs, their effectiveness was also investigated in different 
simulated textile dyeing wastewater systems.  
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    An extensive literature review has been conducted in Chapter 2, introducing the 
conventional treatments for textile wastewater and explaining why TiO2 photocatalysis 
emerged as a promising method. Methods to tune and modify TiO2 so as to enhance 
its photocatalytic performance and strengths of porous BNNSs have been discussed. 
Chapter 3 introduced materials and characterisation methods which were used in this 
research. 
In Chapter 4, TiO2 was in-situ synthesised on porous BNNSs by a solvothermal 
method. Parameters including TiO2 loading on porous BNNSs and light irradiation 
wavelength were varied. Photocatalytic performance of TiO2/P-BNNSs with different 
weight percentage of TiO2 was evaluated by Rhodamine B (RhB) degradation under 
two light wavelength ranges (300~800 nm and 420~800 nm). The results suggested 
that the optimised TiO2/P-BNNSs performed well in both simulated solar light (λ>300 
nm) and visible light irradiation (λ>420 nm). Apart from the organic dye RhB, the 
inorganic heavy metals ions (Cr (VI)) were also reduced by these composites. The 
enhanced photocatalytic activity of these composites was attributed to exotic B-O-Ti 
bonds, which resulted in band gap narrowing and decrease of electron-hole 
recombination, were discussed in details. 
    The applications of these optimised TiO2/P-BNNSs in textile dyeing wastewater 
were achieved in Chapter 5 and Chapter 6. Chapter 5 presented the investigations on 
Reactive Yellow 161 (RY161) decolourisation in a simulated cotton dyeing effluent by 
commercial TiO2 (P25), synthesised TiO2 and the optimised TiO2/P-BNNSs. 
Compared results suggested that the optimised TiO2/P-BNNSs had the best 
performance. The influences of pH and inorganic salts in this simulated system on 
RY161 decolourisation were also discussed. Chapter 6 reported respective Lanaset 
Red 2B (LR2B) and Cr (VI) removal as well as their simultaneous removal in a 
simulated wool dyeing bath. The optimised conditions of respective LR2B and Cr (VI) 
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removal by the optimised TiO2/P-BNNSs were firstly determined and the simultaneous 
removal of LR2B and Cr (VI) with different Cr (VI) concentrations was studied. The 
recyclability of the optimised TiO2/P-BNNSs for simultaneous LR2B and Cr (VI) 
removal was also achieved. Finally, conclusions and some suggestions for future work 
were summarised in Chapter 7. 
    In particular, this project developed a novel photocatalyst exhibited high 
photocatalytic activity to achieve an efficient wastewater treatment process for textile 
dyeing industry. Real textile dyeing wastewater treatment, simplification of 
recollection process of TiO2/P-BNNSs and combining this photocatalysis technique 
with other treatments were still beyond the scope of this study, which should be 
suggested for future work. 
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2 LITERATURE REVIEW 
    Textile dyeing effluent consists of different complex components, whose 
composition and chemical nature depend on the types of fabrics and dyes used. The 
turbidity of water, toxicity of some organic dyes and metals are of great concern over 
both the environment and human health. It is therefore, of importance to treat textile 
dyeing effluent properly before discharging it into drainage system. 
2.1 Textile Dyeing Wastewater  
2.1.1 Textile Dyeing Wastewater Components 
    Dyeing refers to colouration of textiles with a great variety of dyes. Though 
auxiliary chemicals, such as sodium chloride, sodium sulphate, and sodium carbonate 
etc. can help improve dyeing efficiency, a large amount of unfixed dyes discharge in 
textile dyeing effluent.27 Both auxiliary chemicals and unfixed dyes become the main 
source of pollution of the water.  
    Dyes are mainly composed of a chromophore and some functional groups. The 
former, normally consisting of conjugated double bonds, is responsible for the colour, 
whilst the latter plays a critical role in bonding the dye components with fibres.31 The 
compositions of textile dyeing effluent depend on the formulations, techniques, 
machinery, the targeted treating fibre, and added chemicals, thus resulting in a very 
complex textile dyeing effluent. Characteristic features of textile dyeing effluent are 
listed in Table 2.1.32  
The textile industry consumes a large amount of water. It is estimated that about 
1000-3000 m3 of waste water is produced after 12-20 tonnes of textiles are processed 
per day.7 This water contains numerous chemicals and other pollutants that pose a 
threat to the environment and human health. Therefore, the development of suitable 
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treatments to address textile dyeing wastewater is of great necessity and significant 
importance. 
Table 2.1 Characteristics of textile dyeing wastewater32 
Dye Fibre  
 Colour   
ADMI 
BOD        
(mg L-1) 
TOC      
(mg L-1) 
SS        
(mg L-1) 
DS  
 (mg L-1) 
pH 
Acid  Polyamide 4000 240 315 14 2028 5.1 
Acid/Chrome  Wool 3200 135 210 9 1086 4 
1:2 Metall Complex  Polyamide 370 570 400 5 3945 6.8 
Basic  Acrylic 5600 210 255 13 1469 4.5 
Basic  Polyester 1300 1470 1120 4 1360 5 
Direct developed  Viscose 2730 12 55 13 918 3.2 
Direct  Viscose 12500 15 140 26 2669 6.6 
Direct after 
cooperable 
 
Cotton 525 87 135 41 2763 5 
Reactive (Batch)  Cotton 3890 0 150 32 12500 11 
Reactive 
(Continous) 
 
Cotton 1390 102 230 9 691 9.1 
Naphtols  Cotton 2415 200 170 387 10900 9.3 
Sulphur (Continous)  Cotton 450 990 400 34 2000 3.7 
Vat  Cotton 1910 294 265 41 3945 12 
Disperse             
(High Temperature) 
 
Polyester 1245 198 360 76 1700 10 
Disperse             
(Atmosf. Dyeing) 
 
Polyester 315 234 300 39 914 7.8 
Disperse 
 Polyeseter   
(Carpet) 
215 159 240 101 771 7.1 
Disperse 
 Polyamide   
(Carpet) 
100 78 130 14 396 8.3 
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Disperse/Acid/Basic  
(Continous) 
 Polyamide   
(Carpet) 
<50 130 160 49 258 6.5 
Disperse/Acid/Basic 
(Batch) 
 Polyamide   
(Carpet) 
210 42 130 8 450 6.7 
Disperse/Vat  
(Continous) 
 Cotton + 
Polyester 
365 360 350 9 691 9.1 
˄COD: chemical oxygen demand; BOD: biological oxygen demand; TOC: total organic carbon; SS: 
suspended solids; DS: dry solid;˅ 
2.1.2 Methods to Treat Textile Dyeing Wastewater 
2.1.2.1 Biological Treatment  
    Biological treatment exploits microorganism such as bacteria, yeasts, algae, and 
fungi, etc. to treat textile dyeing wastewater through bacterial biodegradation and 
fungal biodegradation.6 Bacterial biodegradation can be conducted in either aerobic or 
anaerobic conditions. In terms of aerobic degradation, aerobic bacteria is used to 
metabolise the soluble and suspended organic substances. This method cannot degrade 
azo dyes, although this bacteria can aerobically degrade certain azo dyes with 
specialised reducing enzymes.33 100 azo dyes have been investigated so far and the 
results indicated that only a few of them could be degraded in aerobic conditions.34 
The main mechanism of dye removal in the textile dyeing wastewater is the adsorption 
of dyes on the biological sludge. However this can only be achieved for soluble dyes 
including basic and direct dyes.31 Hydrolysed reactive dyes and some acidic dyes 
cannot be readily adsorbed by the sludge in the biological treating system. As such, 
the disposal of sludge raises another environmental issue. Despite the fact that the 
BOD efficiency of this aerobic process can reach 90%-95%, this process is time 
consuming.7  
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    Typically, in anaerobic conditions, organics (carbohydrates, fats or proteins) are 
converted into metabolites (alcohols and short-chain fatty acids), followed by utilising 
acetogenic bacteria to produce acetate, carbon dioxide and molecular hydrogen. The 
acetate and carbon dioxide are then reduced by methanogenic bacteria to methane. 
Noticeably, not all anaerobically degraded substances produce biogas that consists of 
methane and carbon dioxide. Furthermore, some analyses have demonstrated that the 
anaerobic degradation is not merely the adsorption to the sludge, but also degradation 
of dyes incurred by bacteria.3 This treatment is capable of partially degrading many of 
the dyes. Azo dyes can be reduced during this process, but toxic amine may be 
produced. Glucose, starch, acetate, ethanol etc. have been used as simple substrates for 
dye decolouration under methanogenic conditions, because this condition demands an 
organic carbon/energy source.6, 7, 35  
2.1.2.2 Physical Treatment 
    Physical treatment often involves adsorption and membrane filtration. Adsorption 
refers to the transfer of the ions or molecules existing in the textile dyeing effluent 
from one phase in the bulk to another phase at the surface.36 This method has attracted 
great attention owing to its removal efficiency and stability.5 The adsorbent agents used 
in this regard normally consist of sludge and other biomass, such as charcoals, 
activated carbons, clays, living plants etc.5 The interactions between adsorbent and 
adsorbate involve physical and chemical forces, including Van der Walls’ interactions, 
hydrogen bonding, dipole-dipole interactions, covalent and ionic bonds.36 The 
adsorption process is closely related to the adsorbent-adsorbate interaction, adsorbents 
being used, operating temperature, pH and processing time durations. A high removal 
efficiency of the treatment could be yielded as long as the adsorption system is well 
designed. However this technique incurs cost-effective issues considering the time-
consuming nature of the regeneration of adsorbent and process per se.3  
CHAPTER 2                                                                                                    Literature review 
10 
 
    Membrane filtration can be well performed with the aid of reverse osmosis, 
nanofiltration, ultrafiltration and microfiltration.5, 36, 37 This method uses the selective 
permeability of the membrane as a result of different size of micropores to filter the 
textile dyeing effluent, thus separating specific substances in wastewater.37 Reverse 
osmosis removes mineral salts, hydrolysed reactive dyes and chemical auxiliaries. The 
adopted osmotic pressure should be a function of the concentration of the dissolved 
salt in the wastewater.36 The aperture of nanofiltration is only about several 
nanometers, whilst the aperture of ultrafiltration and microfiltration varies between 1 
nm -0.05 μm and 0.1-1 μm, respectively.37 Nanofiltration membrane retains low 
molecular weight organic compounds, divalent ions, large monovalent ions, 
hydrolysed reactive dyes, and dyeing auxiliaries.37, 38 Utilising an adsorption process 
prior to nanofiltration benefits the output of nanofiltration process, because it can 
decrease the concentration polarisation during the filtration process.38 Ultrafiltration 
eliminates macromolecules and particles despite the fact that dyes cannot be removed 
completely.36 This process can be used as a pre-treatment for reverse osmosis or a 
supplementary to a biological reactor.39 Microfiltration can either be applied in the pre-
treatment of nanofiltration or reverse osmosis.36 Membrane filtration is ready to 
operate, and highly efficient with low energy consumption, however this technique is 
not applicable for large-scale enterprise. 
2.1.2.3 Chemical Treatment 
    Chemical treatment for textile dyeing wastewater involves coagulation, flocculation 
and oxidative processes, and electrochemical destruction.5, 31 The mechanism of 
coagulation and flocculation is adding a coagulant in the wastewater and subsequently 
the association of coagulants and pollutants takes place very quickly.7, 40, 41 Coagulate 
and flock precipitate in the end, which can be removed by flotation, settling, filtration 
or other physical techniques to generate a sludge. And then further cleaning treatment 
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for the sludge has to be done, which is the main disadvantage of this method although 
it is an effective method to treat insoluble dyes.7  
    Ozone and Fenton reagents (i.e. Fe2+/H2O2) are widely used as oxidative agents. 
Ozone is a very powerful oxidising agent. It can decolourise water soluble dyes 
rapidly, and non-water soluble dyes more slowly.36 Ozone normally works in the 
condition of pH>10 so that it can react with all compounds presenting in the 
wastewater indiscriminately.42 However, ozone is short-lived and expensive.43 In 
comparison with ozonisation, Fenton oxidation can decolourise a wide range of dyes, 
being cheaper and reducing a larger COD. However this process can be happened in a 
low pH environment only while textile dyeing wastewater is sometimes with a high 
pH value.36  
    Electrochemical destruction, which was developed in the mid-1990s, is also used to 
treat textile wastewater and its efficiency can often reach 90%.36, 44 In this process, 
ferrous hydroxide is produced in solution by applying electric current in wastewater 
from a sacrificial iron electrode. However, this process is expensive because of the 
large energy requirements, limited life time of the electrode and the uncontrolled 
radical reactions.36  
2.1.2.4 Photochemical Oxidation Treatment  
    Photo oxidation has attracted great attention due to its strong oxidation ability and 
high speed reaction. It can also take place at any pressures and temperatures and can 
decompose almost all of the organic substances into CO2, H2O and inorganic 
substances. The basic mechanism of this process is that the hydroxyl radicals (•OH) 
radicals can oxidise substances more quickly than conventional oxidants.45 H2O2/UV 
is one of the photochemical oxidation treatment methods, and it has been reported that 
H2O2 alone is ineffective in both acidic and alkali conditions. The dose of H2O2 
significantly influences the decolouration efficiency when treating textile wastewater. 
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Compared with H2O2/UV, TiO2/UV is more advantageous because TiO2 absorbs light 
up to 385 nm in UV region which is a higher wavelength than that of H2O2 and is 
present in the solar spectrum. In addition, TiO2/UV treatment can oxidise a wider range 
of dyes. TiO2/UV is a more promising method and will be specifically discussed below.  
2.2 TiO2 photocatalysis  
2.2.1 Brief introduction of TiO2 
    TiO2 is a very popular and appealing material and has been used conventionally as 
pigments, sunscreens, and medical implants, etc.25 It has been intensively investigated 
since 1972, when its photocatalytic activity was discovered by Fujishima and Honda 
through photocatalytic splitting of water on a TiO2 electrode under the UV light.46 
Utilising its photocatalytic activity, TiO2 has been used in water cleaning, solar cells, 
lithium batteries and so on.  
 
Figure 2.1 Connectivity of TiO62- octahedral units in (a) anatase, (b) rutile and (c) brookite.25 
TiO2 naturally exists in four polymorphs namely anatase, rutile, brookite and TiO2 
(B).23 The structure difference between them is the connectivity of the TiO62- 
octahedral units, which share edges and corners differently depending on the crystal 
phase. Specifically, anatase, rutile and brookite share four, two and three edges, 
respectively (Figure 2.1). The fundamental building block of TiO2 (B) is similar to that 
of anatase, and the difference is that TiO2 (B) is with a 3D arrangement that produces 
a layered structure. Between these polymorphs, Ti-O bond distances do not vary much, 
while O-O distances among shared and unshared octahedral are variable. The four 
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polymorphs can be distinguished by X-ray diffraction (XRD), Raman spectroscopy, 
and transmission electron microscopy (TEM). In terms of anatase and brookite phases, 
they can easily be confused due to the similar structure, especially in mixed phase. 
Electrochemical techniques such as cyclic voltammetry can be applied to distinguish 
them. These four crystalline phases occur in nature as mineral, however brookite and 
TiO2 (B) are not commonly observed in minerals and are difficult to be synthesised in 
pure form.25 In contrast, anatase and rutile can be synthesised in pure form at low 
temperature.47 Anatase TiO2 is accepted to possess the most photocatalytic activity 
among the four phases. Compared with anatase phase, rutile TiO2 is less reactive due 
to its high recombination rate of electron-hole pairs. Fewer investigations on the 
photocatalytic activity of brookite and TiO2 (B) have been reported.23 Phases, sizes 
and shapes, as well as synthesis control are responsible for its photocatalytic activity, 
and have been controlled during the synthesis processes.25  
Different methods have been applied to synthesise TiO2, including aqueous method, 
non-aqueous method, and template approach. TiO2 is formed through hydrolysis and 
condensation by using the aqueous method. Generally, the hydrolysis of TiO2 
precursor leads to the formation of a metal complex with water in the form of aquo, 
hydroxo, or oxo complexes, depending on the metal cation and the reaction conditions. 
The Ti-O-Ti bonds are formed with the condensation between the two aforementioned 
complexes. The rates of these two process depend on the pH values. Catalysts such as 
acids and bases that promote hydrolysis are commonly used. Aqueous methods are 
made up of sol-gel and hydrothermal methods. The sol-gel method involves the 
transformation of a sol into a gel, followed by a thermal treatment. One of the main 
problems of the sol-gel method is that hydrolysis and condensation rates of titanium 
precursors are too fast due to the presence of water and catalysts in solution. In 
addition, crystallinity and control over phases and size distribution are quite poor. On 
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the other hand, crystallinity of the particles is usually much improved by the 
hydrothermal method.25 Hydrothermal method is normally carried out in steel pressure 
vessels which are called autoclaves with or without Teflon liners under controlled 
temperature.26 For the hydrothermal method, the morphology of the crystallites and 
phases are influenced by several factors, including pH, temperature, presence of 
“mineralisers”, stirring of the solution and reaction time. For the non-aqueous 
methods, it is the organic solvents but not water reacting as the primary reaction 
solvent. Although water is not the dominant solvent in the non-aqueous methods, the 
hydrolysis of titanium dioxide precursor can occur through the reactions with water 
produced in situ. The non-aqueous methods can be classified as the solvothermal 
method and non-aqueous surfactant-assisted method. The former is similar to the 
hydrothermal method except that the primary solvent used is not water, and the latter 
is conducted at or near atmospheric pressure by conventional air-free Schlenk line 
techniques.25 Template approaches can be achieved by using soft templates or hard 
templates to alter the morphology of the TiO2 particles. Soft templating molecules are 
categorised as microemulsions and micelles. In both microemulsions and micelles, the 
droplets that are stabilised by the surfactants may act as nanoscale in which precursors 
are dissolved and react to produce nano-particles of a variety of materials. Rigid 
inorganic or polymeric materials are normally used as hard templates, allowing TiO2 
to be coated on the surface of a material to form shells once the template is dissolved 
or deposited into the channels of porous materials.25 
    In the past few decades, considerable researches have been studied on how to 
improve the photocatalytic activity of TiO2 in order to put it into efficient application. 
This section reviews on how the photocatalytic activity of TiO2 works, and how to 
enhance this photocatalytic characteristic. Meanwhile, TiO2 photocatalysis for textile 
dyeing wastewater treatment will also be discussed.  
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2.2.2 TiO2 photocatalysis mechanism  
    There is a band gap in TiO2, which is defined as the gap between the valence band 
and conduction band. Electrons and holes are produced once light energy equal to or 
greater than the band gap of TiO2, followed by transfer of electron from TiO2 surface 
to adsorbate surface. In case of anatase TiO2, the band gap is 3.2 eV.24 The electrons 
on TiO2 surface can reduce electron acceptors, while holes can oxidise electron donors. 
This electron transfer process will be more effective if species can be preadsorbed on 
TiO2. Meanwhile, some electron-hole recombination takes place, competing with the 
charge transfer process. This recombination happens either in the volume of TiO2 
particle or on the TiO2 surface. These processes are described in Figure 2.2.24  
    Despite the fact that TiO2 surfaces can scatter light, light is fully adsorbed by TiO2 
has been considered. The photocatalytic efficiency is measured as quantum yield, 
which is determined based on this “fully light adsorbed” ideal system. The 
photocatalysis efficiency, or quantum yield (Ø) can be expressed as the following 
equation: 
Ø ן kct/ (kct+kr) 
Where kct is the rate of the charge transfer processes, kr is the electron-hole 
recombination rate (bulk and surface). However, this idealisation does not truly exist 
and electron-hole recombination occurs in real cases.24 In addition, electron-hole 
recombination reduces the rate of charge transfer. Low quantum efficiency due to 
electron-hole recombination and the wide band gap of TiO2 has retarded the 
widespread application of TiO2 as a photocatalyst.23, 24 The key to put TiO2 into diverse 
applications is to improve its photocatalytic activity, which substantially addresses the 
problems mentioned above.  
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Figure 2.2 Schematic photoexcitation in a solid followed by deexcitation events.24  
 (Pathway A is the surface recombination; Pathway B is the volume recombination; Pathway C is the 
semiconductor donating electrons to electron acceptors; Pathway D is a hole that migrating to the 
semiconductor surface and combine with electrons from donor species.) 
2.2.3 Development of TiO2 photcatalytic applications 
    TiO2 has no absorption in the visible region, thus appearing white colour and was 
used as a white pigment in ancient times.48, 49 Its photocatalytic activity was not 
discovered until the early 20th century in a report on the photo bleaching of dyes by 
TiO2 in 1938.49 At that time, it was described as a “photosensitiser”, but not a 
“photocatalyst”. A series of researches were reported in 1956 in Japan and it was 
interesting that during that period, a great variety of TiO2 powders were investigated 
in autooxidising organic solvents and simultaneous formation of H2O2 under ambient 
conditions. The results indicated that the photocatalytic activity of anatase TiO2 was 
superior to rutile ones.49 Importantly, solar photoelectrolysis was firstly demonstrated 
in 1969 and was reported in Nature by the analogy with photosynthesis in 1972.48 Since 
then, this event attracted lots of scientists’ attention and the photocatalytic activity of 
TiO2 started to be investigated intensively. It was enthusiastically studied on the 
effective hydrogen production from water and organic compounds in 1980s.48 During 
that time, TiO2 powder was also applied in the detoxifications of diverse pollutants in 
both water and air and this water and air cleaning technique was then put into industrial 
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use in 1980s.50, 51 In early 1990s, TiO2–coated material has attracted much attention 
because of its cleaning and antibacterial effects. TiO2 photocatalysis has become a real 
practical technique after the middle of 1990s and further investigations on TiO2 
photocatalysis including producing visible-light-sensitive TiO2 and decomposition of 
environmental pollutants have been developed in 21st century.48  
2.2.4 TiO2 photocatalysis for textile dyeing wastewater  
    In the past few decades, TiO2 photocatalysis has been applied to textile dyeing 
effluent treatment.11 It has been reported that about 20% of synthetic dyes are lost each 
year during manufacturing and processing operations.52 Besides, heavy metals coming 
from chromophores of dyes, mainly containing cobalt, copper and chromium, are 
another serious issue for the environment.36 Work on the application of TiO2 
photocatalysis for these heavy metals has been reported.11 Among these reports, 
studies on chromium are the most extensively investigated.53-55 TiO2 photocatalysis is 
a more promising technique for textile dyeing wastewater treatment due to these 
advantages. Firstly, TiO2 is the most stable, chemically inert, and cheapest among all 
of the semiconductors.10 Secondly, comparing with other advanced oxidation 
treatment systems, its higher efficiency has been discussed in 2.1.2.4.  
2.2.4.1  Mechanism of TiO2 photocatalysis for textile wastewater treatment  
    The mechanism for degrading textile dyes and reducing heavy metals can be 
described as follows:11  
(i) Excitation of the catalyst by photon energy greater than the band 
gap, generating electrons and holes:  
TiO2 →e- + h+ (λ ≤ 385 nm) 
(ii) Adsorption on the catalyst surface and lattice oxygen (OL2-) 
OL2- + TiIV + H2O → OLH- + TiIV-OH- 
CHAPTER 2                                                                                                    Literature review 
18 
 
TiIV + H2O → TiIV- H2O 
Site + R1 → R1ads 
Where R1 represents an organic molecule 
            R1ads represents an adsorbed organic molecule 
(iii) Recombination of the e--h+ pair producing thermal energy 
e- + h+ → heat + TiO2 
(iv) Trapping of the hole and electron 
                         TiIV- OH- + h+→ TiIV -•OH                                              
                                                       TiIV -H2O + h+ → TiIV-•OH+H+ 
                                 R1ads + h+→R1ads+ 
                                   TiIV + e- → TiIII 
                                 TiIII + O2 → TiIV –O2•- 
Attack of hydroxyl radical (adsorbed or free) under different conditions (adsorbed or 
free organic species) 
                     Case I   TiIV-•OH+ R1ads→ TiIV + R2ads 
                                             Case II   •OH+ R1ads→ R2ads 
                     Case III TiIV -•OH + R1→ TiIV + R2 
                     Case IV •OH+ R1→ R2 
Reactions of other radicals 
               e- + TiIV-O2•-+ 2H+→ TiIV (H2O2˅ 
                                            TiIV-O2•-+ H+→ TiIV (HO•2) 
               H2O2 + •OH→ HO•2 + H2O 
Reduction of a metal ion (Mn+), if present, by the electrons in the conduction band 
ne- + Mn+ → M0 (metal in its ground state) 
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2.2.4.2 Parameters influencing TiO2 photocatalysis efficiency for textile dyeing 
wastewater 
    One of the main parameters influencing TiO2 photocatalysis performance in textile 
dyeing wastewater treatment is the pH of the aqueous solution. The effects of pH on 
photocatalysis efficiency have been investigated in many researches based on these: 1. 
Practical industrial wastewater is not neutral and 2. Surface-charge-properties can be 
changed by different pH. Firstly, following should bear in mind that when the pH is 
higher or lower than the zero charge point (pHzc) of TiO2.17 
TiOH + H+ = TiOH2+ 
    TiOH + OH- = TiO- + H2O 
    This means that at different pH, the adsorption of dyes with different charges differs 
as a result of the charges adsorbed on TiO2. In addition, some researches also found 
that at low pH, positive holes are the major oxidation species, while at neutral and high 
pH, hydroxyl radicals are considered as the predominant species.56 Furthermore, in 
acidic conditions, TiO2 particles tend to agglomerate and the available surface area for 
dye adsorption and photon adsorption would be reduced.57 Oxygen agent is another 
parameter influencing the photocatalytic efficiency. Specifically, oxygen acts as an 
electrons scavenger (O2+e-→O2-•), so the air flow that contains oxygen in the 
photocatalytic system should be well controlled.17  
    The catalyst loading for the treatment of textile dyeing wastewater is also 
responsible for the treatment efficiency. The initial rate of photocatalysis was found to 
be directly proportional to catalyst concentration. This is simply due to the increased 
quantity of catalyst increases the active sites on TiO2 surface, thus increasing the 
number of hydroxyl and superoxide radicals.17 However, overloading of catalyst in the 
treating system may lead to the agglomeration of TiO2, and may cause the interception 
of light, resulting in a decrease of treating efficiency.17  
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    A recent report also highlighted that the existence of salts and auxiliaries in 
wastewater influenced the TiO2 photocatalytic performance.27 Although the effects of 
salts and auxiliaries on treatment efficiency have been reported in other treatment 
techniques such as in the Fenton’s system,58 their influences on TiO2 photocatalysis 
efficiency have not been studied until recently and this calls for further investigation 
in order to put this technique into industrial practise.  
    Parameters mentioned above that influence the photocatalytic performance are 
external factors. In terms of internal factors, the photocatalytic activity of TiO2 itself 
is also vital to the treating efficiency. The main hindrance of utilising the photocatalytic 
property of TiO2 are the recombination of electrons and holes, and the wide band gap.23 
Methods to improve the photocatalytic activity of TiO2 will be discussed below.  
2.2.5  Methods to improve TiO2 photocatalytic performance  
    Modifying TiO2 in order to improve its photocatatlytic activity can be realised by 
doping with metals, non-metals, coupling with other semiconductors and using 2D 
material as supports.16  
2.2.5.1  Metal doping 
    Metal doping with TiO2 is doping it with noble metals such as (Palladium (Pd), 
rhodium (Rh), ruthenium (Ru), silver (Ag), platinum (Pt) and gold (Au)),22  transition 
metals (iron (Fe), cobalt (Co), vanadium (V), copper (Cu), and tungsten (W) etc.) and 
poor metals (tin (Sn), gallium (Ga), and aluminum (Al) etc.).59 The introductions of 
noble metal nanoparticles benefit the separation of photogenerated charge carriers, 
thereby promoting photocatalytic performances. In addition, doping of TiO2 with 
transition metals tunes the electronic structure. The enhancement of photocatalytic 
activity of TiO2 is a result of the shift of light absorption region from UV to visible 
light.19 Parameters such as the type of transition metal, the concentration of the metal, 
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as well as the microstructure of TiO2 are responsible for its photocatalytic 
performance.60 Some researches have manifested the metal doping TiO2 has 
drawbacks, such as unsatisfactory thermal stability. Besides, metal centres may serve 
as electron traps and promote the recombination of electron-hole pairs.17  
2.2.5.2 Non-metal doping 
    Doping TiO2 with non-metals includes carbon (C), nitrogen (N), sulphur (S), and 
iodine (I).59 Among these non-metals, C and N ensure a high photocatalytic activity 
when irradiated by visible light.61 High surface area of the C-doped TiO2 endows it 
with more active sites on its surface, hence facilitating the adsorption of pollutants on 
surface and thus photocatalytic activity is enhanced.59 Importantly, N-doped TiO2 also 
changes the properties of TiO2 in terms of hardness, elastic modulus, electrical 
conductivity, photocatalytic activity towards visible light region and so on.17 It has also 
been reported that a narrower energy band gap of N-doped TiO2 can be obtained.62 In 
spite of these advantages, non-metal doping TiO2 has its weakness. The content of non-
metals will decline during annealing process of TiO2, which hinders the doping of TiO2 
with non-metal and in turn limits its further application.59  
2.2.5.3 Coupled with other semiconductors 
    Semiconductors that are used to couple with TiO2 include ZnO, CdS, Bi2S3.19 The 
mechanism of these incorporations to enhance photocatalytic activity of TiO2 due to 
the reduced photogenerated electron-hole pair recombination. Coupling 
semiconductors with different band gaps together, for example, incorporating TiO2 
with CdS, the electrons generated from CdS will transfer to TiO2, while holes remain 
in CdS. The separation of electrons and holes reduces the recombination of these 
electrons and holes.19 Except for the band potential,59 other parameters influence the 
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photocatalytic performance of coupled TiO2 including the particle geometries, particle 
size and contact surface between particles.63, 64  
2.2.5.4 Using two dimensional nanosheets as a support 
    Carbon, carbon nanotubes, fullerenes, graphene and their derivatives, etc. have been 
investigated to be good supports for TiO2 with enhanced photocatalytic activity as a 
result of suppressing the recombination of photogenerated electron-hole pairs.23 
Among these supports, graphene is the most popularly researched material.28, 65-77 
Graphene nanosheets can capture electrons generated from TiO2, followed by storing 
and transferring electrons in composites, thereby retarding the recombination of 
electrons and holes. In addition, C-Ti bond plays a crucial role in this enhancement 
because electrons can transfer to TiO2/graphene composites via this bond.28 However 
the low thermal stability and black colour of graphene may hinder its further 
applications in some cases. 
    Boron nitride nanosheets (BNNSs) are one of the 2D nanomaterials that have 
attracted great interest in recent years due to their similar structures to graphene 
nanosheets. Monolayer BNNS is also named as “white graphene” while few-layered 
BNNSs are known as “white graphite”.78, 79 Due to their unique structures, they have 
outstanding properties such as extremely high resistance to oxidation, good chemical 
inertness, electrical-insulating properties, high surface area and high thermal 
conductivity. Consequently, these BNNSs have been applied in many fields including 
nanoemitters, photocatalyst, hydrogen storage, and organic pollutant adsorption as 
well as oil spillage clean-up.29 Enhanced photocatalytic activity of TiO2 by combining 
it with boron nitride has been successfully achieved.80 Weng et al. used BNNSs as a 
support for TiO2 and the composites they obtained were responsive to the visible light 
region. They presumed that in the visible light, the electrons produced from BNNSs 
transferring into the conduction band of TiO2, enabling the production of holes from 
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BNNSs, and thus causing a visible light response of TiO2 in the composites.80 However 
they did not explicitly explain and demonstrate this proposed mechanism and the 
prepared composites were only applied in organic compounds degradation.  
2.3 Review of BNNSs  
2.3.1 Structure of BNNSs 
    Monolayer BNNS is made up of ring units (B3N3H6), which has equal numbers of 
boron and nitrogen atoms. It is a honeycomb structure presented in Figure 2.3. B-N 
covalent bonds are 1.45 Å in length and are in a structure that is with ionic 
characteristics which result from significant charge transfer occurs from B to N 
atoms.81 The stacking order of BNNSs is AA’ stacking. Each B atom is eclipsed with 
an N atom which is on the adjacent layer as a result of electrostatic interactions. These 
interactions are also called as “lip-lip” interactions and are stronger than those in 
graphene interactions, indicating the conditions to prepare BNNSs from exfoliation of 
h-BN is more demanded than graphene obtaining from graphite exfoliation.82  
 
Figure 2.3 Structural basics of 2D BN nanostructures. 82 
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2.3.2 Properties and preparations of BNNSs 
2.3.2.1 Properties of BNNSs 
    BNNSs have no optical absorption in the visible region, so they present white colour 
and their dispersion are usually described as “milky”.82 BNNSs are wide-bandgap 
semiconductors and retain the electrical insulating characteristics as h-BN. It has been 
calculated theoretically that the bandgap of BNNSs is 4.3 eV, whereas the 
experimentally measured bandgap is 5.97 eV. However, the nanoelectronics and 
optical applications normally require the bandgap that is less than 3 eV, so the large 
bandgap of BNNSs becomes a hindrance for BNNSs in these applications. 
Consequently, modifications of BNNSs to get a lower bandgap have been proposed in 
the past years, including introducing defects or doping with other atoms such as C.83  
    Despite the fact that BNNSs are electrically insulating, they are excellent thermal 
conductors. The computational thermal conductivity of BNNSs is from 300 to 2000 W 
m-1 K-1. The thermal conductivity value of monolayer BNNS is higher than the few 
layer ones. In other words, their thermal conductivities increase with decreasing 
number of BNNSs layers.82 Reports have been published that BNNSs as fillers into 
polymer could enhance the thermal conductivity of the polymer.84-86 Filling polymer 
with BNNSs, the composites can not only inherit the insulating properties of polymer, 
but also have less impact on optical transmission of polymer as BNNSs do not absorb 
in the visible region.82  
BNNSs are also deemed as excellent supports for other nanoparticles and the 
obtained hybrids have been applied in many applications. Gold clusters have been 
attached to the BNNSs and the adsorption efficiency for oxygen was improved.87 It 
also has been demonstrated that charge transfer on BNNSs has been facilitated because 
of the localized polarity in BNNSs. These hybrids are either used to catalytic or sensing 
applications.82  
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2.3.2.2 Preparations of perfect BNNSs 
    Methods to prepare perfect BNNSs can be categorized into top-down or bottom-up 
approaches. Top-down method refers to exfoliation of h-BN while bottom-up method 
is the synthesis of B and N precursors.82  
    Top-down methods include mechanical cleavage, sonication-assisted direct solvent 
exfoliation and chemical functionalization.82 “Scotch tape method”, which is a famous 
simple adhesive tape peeling method, has been applied to isolate BNNSs from h-BN 
since it was similarly used to obtain monolayer graphene. Typically, adhesive tape is 
peeled from h-BN sample, followed by pressing onto a targeted substrate, and thus 
BNNSs can be obtained. Repeating the above-mentioned process enables exfoliated 
BNNSs down to a monolayer layer.88 BNNSs obtained from this process are beneficial 
to learn its fundamental studies in physics and electronics as they have the best 
combination of thickness and lateral sizes. However this method is not effective 
enough to get few layered of monolayer BNNSs as a result of the strong lip-lip 
interactions between different BNNSs layers.82 In addition, this technique may be the 
least scalable one and this calls for methods that can produce BNNSs in a larger scale.82 
Mechanical cleavage method is one of the large-scale producing methods for BNNSs, 
which uses shear forces from scalable mechanical processes. Other mechanical 
cleavage methods such as ball-milling method or using vortex fluidic device setup to 
rotate the h-BN suspension and achieve the exfoliation of h-BN have also been 
investigated.89-91  
    Sonicated assisted direct solvent exfoliation method is also applied to obtain 
BNNSs. Polar solvents such as dimethyl formamide (DMF) and N, N’-
dimethylacetamide (DMAc) etc. have been demonstrated to be effective in dispersing 
h-BN followed by sonication then exfoliation to get BNNSs. In contrast, non-polar 
solvents are inefficient in this method.82 It has been reported that enthalpy plays a vital 
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role. Studies have validated that beneficial solvents are those minimise the enthalpy of 
mixing and the energy of exfoliation. A great variety of organic solvents have been 
surveyed and the results indicated that those organic solvents with similar surface 
energies to the nanosheets were efficient. On the other hand, other solvents such as 
water and acid, whose surface energies are higher than typical polar organic solvents 
are also efficient in dispersing and exfoliating BNNSs.92 Chemical functionalization 
methods include non-covalent, Lewis acid-base (ionic), and covalent categories. These 
methods refer that organic moieties are introduced into h-BN and van der Waals forces 
can be overcome by the solvation force between organic solvents and water.82  
    Chemical Vapour Deposition (CVD) method for preparing epitaxial BNNSs was 
firstly published in 1968.93 Researchers used diborane (B2H6) and ammonia (NH3) as 
precursors for deposition of BNNSs on different kinds of substrates including Si, Ta, 
Mo, Ge and fused silica under the temperature ranging from 600-1080 oC. Normally 
CVD precursors are separated B and N compounds such as BF3-NH3, BCl3-NH3 or 
B2H6-NH3 or a single precursor such as ammonia borane and borazine. Single 
precursors are preferable due to its low toxicity and 1:1 B: N stoichiometry.94 More 
successes have been accomplished on epitaxial growth of BNNSs on metal 
substrates.95 The morphologies of the obtained BNNSs are greatly influenced by the 
interaction strengths and crystalline matching of the substrate with BNNSs.82  
2.3.2.3 Preparation of porous BNNSs 
Fabricating porous BNNSs to introduce holes or defects is also important to provide 
properties that may be lack in perfect BNNSs, such as large surface area, more edges 
as chemical reactive sites, higher superhydrophobicity and more gas or fluid pathways.  
h-BN nanomeshes were successfully prepared by thermal decomposition of 
borazine at about 800 oC on a transition-metal surface, i.e. Rh (111) or Ru (001) while 
h-BN micromeshes were synthesised starting with boron trioxide, magnesium and 
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sodium nitride. Meshy BN was also prepared by using thiocarbamide and sodium 
borohydride at 550 oC.83  
Recently, Let et al. synthesised porous BNNSs by mixing boron oxide and guanidine 
hydrochloride (molar ratio 1:5) in the methanol, after which the mixture was stirred 
until it was dried. The obtained products were then heated at 1100 oC for 2 h under 
nitrogen/hydrogen gas flow. Different characterisations including SEM and TEM 
images suggested the porous BNNSs have a layered porous BN structure with many 
holes of diameters ranging from 20 to 100 nm. The surface area of these porous BNNSs 
also reached 1427 m2 g-1. It was claimed that the porous structure of the nanosheets 
might arise from the gas bubbles generated by the decomposition of guanidine 
chloride. This method is also called as “dynamic templates”. These porous BNNSs 
exhibited excellent adsorption capability for oils, solvent and dyes due to the 
superhydrophobicity, porosity and swelling ability. 29 
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3 MATERIALS AND CHARACTERISAION METHODS 
3.1 Materials 
    Boron trioxide (99%), guanidine hydrochloride (98%), boric acid and urea were 
purchased from Alfa Aesar. Boron trioxide and guanidine hydrochloride were used to 
synthesise porous boron nitride nanosheets while boric acid and urea were used to 
synthesise non-porous boron nitride nanosheets. Tetrabutyl titanate (TBT, Ti(OC4H9)4, 
97%) was obtained from Aldrich. Nitric acid (HNO3, 70%), sulfuric acid (H2SO4, 
98%), ethanol (100%), commercial TiO2 (P25) (80% anatase and 20% rutile TiO2, 21 
nm particle size) and 1, 5-diphenyl-carbazide (DPC) were from Sigma-Aldrich 
(Australia). Rhodamine B (RhB) was purchased from Sigma while Reactive Yellow 
161 (Reactive Yellow H-2G), Lanaset Red 2B (LR2B), Albegal FFA and Albegal A 
were obtained from CIBA. Sodium chloride (NaCl) and sodium hydroxide (NaOH) 
were provided by Chem-Supply while sodium carbonate (Na2CO3) and potassium 
dichromate (K2Cr2O7) were provided by MERCK Pty Limited. All the chemicals were 
used as received without further purification.  
3.2 Characterisation methods 
3.2.1 X-ray diffraction (XRD) 
    The crystalline structures were characterised by XRD on a Panalytical X’Pert PRO 
X-ray powder diffraction using Cu Kα radiation in a 2θ range from 10° to 80° at room 
temperature.  
3.2.2 Fourier transform infrared spectroscopy (FTIR) 
    FTIR analysis was carried out to obtain FTIR spectra with a Bruker LUMOS FTIR 
Microscope (Bruker, United States) in a transmittance mode, with accumulation of 32 
scans at 4 cm-1 resolution.  
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3.2.3 X-ray photoelectron spectroscopy (XPS) 
    XPS results were obtained on a Thermo Scientific K-Alpha XPS with the operation 
pressure of 2ྶ10-7 mbar (for porous BNNSs and non-porous BNNSs) and 1ྶ10-9 mbar 
(for porous BNNSs, TiO2/porous BNNSs composites and TiO2/non-porous BNNSs 
composites).  
3.2.4 Transmission electron microscopy (TEM) 
    TEM was performed on a JEOL 2100F TEM (JEOL, Japan) with a Gatan image 
filter with high resolution mode operating at 110 kV apparatus. The samples were 
diluted with ethanol firstly with subsequent deposition onto carbon-coated copper 
grids and finally dried in air.  
3.2.5 N2 adsorption-desorption isotherms 
    The surface areas of samples were determined from nitrogen adsorption and 
desorption isotherms using a Tristar 3000 apparatus at 77 K. 
3.2.6 Optical property  
3.2.6.1 Liquid phase UV/Vis. adsorption 
    The UV/Vis. adsorption spectra of the samples in the liquid phase were obtained by 
a Varian Cay 3E UV/Vis. spectrophotometer. The wavelength range was 200 nm to 
800 nm. 
3.2.6.2 Solid phase UV/Vis. reflectance 
    Reflectance spectra of the samples in solid phase were obtained on a Varian Carry 
5000 UV/Vis. spectrophotometer equipped with an integrating sphere. The wavelength 
ranged from 200 nm to 800 nm. The instrument was firstly calibrated using a standard 
white board and was then loaded in the port of the integrating sphere for testing.  
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3.2.7 Photocatalytic activity tests 
    Typically, different model pollutant solutions were prepared and were added with 
different kinds of photocatalysts (P25, synthesised TiO2 and TiO2/porous or non-
porous BNNSs composites (TiO2/P-BNNSs or TiO2/NP-BNNSs)). The suspensions 
were then irradiated in an Atlas Suntest CPS1 instrument (Ameteck, United States) 
equipped with 1500 W air cooled xenon arc lamp (light wavelength ranges from 
300~800 nm). Visible light (light wavelength ranges from 420 nm to 800 nm) 
irradiation was carried out by cutting the original light from lamp using a GC420 
cutting filter. The temperature inside the box was 35 oC, and the radiation dose was 
350 W/m2. The pollutant concentrations of solutions were indicated by their 
wavelength where maximum absorbance was located. At given intervals, 3 mL of the 
suspension was extracted and centrifuged to obtain the supernatant solution, which 
was then measured by the Varian Cary 3E UV/Vis. spectrophotometer. The change of 
pollutant concentration under irradiation was used as a measurement of the 
photocatalytic activity. It should be mentioned that with both the presence of dyes and 
heavy metals (Cr (VI)) in pollutant solution, the maximum absorbance of Cr (VI) was 
interfered by that of the dyes. In this regard, 1, 5-diphenyl-carbazide (DPC) 
colourimetric method was carried out to obtain the Cr (VI) concentration changes. 
Pollutant concentrations and amount of applied photocatalysts were specifically 
recorded in different studies which will be discussed in details in Chapter 4, 5 and 6.  
3.2.8 Photocurrent measurements  
    The photocurrents were measured using an electrochemical workstation (Solartron 
1470E) in a standard three electrode system with as-prepared samples (synthesised 
TiO2 and optimised TiO2/P-BNNSs) deposited on 1 cm ྶ 1 cm ITO substrate as the 
working electrode, a Ag/AgCl electrode as reference, and a Pt wire parallel to the 
working electrode as counter electrode. The light source employed was a Newport 300 
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W xenon light source, controlled by a Newport Digital Exposure Controller, which 
simulated the solar light (λ>300 nm).  
3.2.9 Photo-induced chemiluminescence measurements  
To compare the free radical populations and decay rates following irradiation on 
synthesised TiO2 (6 mg) and optimised TiO2/P-BNNSs (TiO2 loading: 38 wt %) (17 
mg), a Lumipol 3 chemiluminescence instrument (Polymer institute, Slovak Academy 
of Science, Bratislava), modified to allow in situ irradiation with selected wavelengths 
from a medium-pressure mercury arc (Lumatec SUV-DC, Lumatech GmbH, 
Germany) under a controlled atmosphere at constant temperature was used. The 
luminescence baseline was stabilised by equilibrating the sample in nitrogen using a 
gas flow rate of 200 cm3 min-1 and a constant temperature of 40 oC for 1 min. Then the 
sample was irradiated in N2 for 2 min with the selected wavelength range (320 nm to 
500 nm) and after a further 2 min the gas flow was switched from N2 to O2, resulting 
in photo-induced chemiluminescence emission. 
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4 PHOTOCATALYTIC ACTIVITY OF TiO2/P-BNNSs  
4.1 Background 
TiO2 has attracted most research attention among the existing photocatalyst 
materials owing to its reliable long-term stability, high chemical inertness, corrosive 
resistance, cost-effectiveness and low impact on the environment. However, there are 
some hindrances to its widespread photocatalytic applications, and one of the major 
problems is the low quantum efficiency due to the recombination of electron-hole 
pairs.22-26  
    In order to address the problems mentioned above, TiO2 has been doped with metal 
ion, non-metal ion or coupled with other semiconductors.96 In recent years, fabrication 
of TiO2 based composites using 2-dimensional (2D) materials has become a hot 
topic.19, 20, 23 Great interest has been raised on boron nitride nanosheets (BNNSs) due 
to their excellent thermal conductivity and stability, chemical inertness, and adsorption 
capability.29, 30 Recently Weng et al. designed TiO2 on BNNSs to produce composites 
which are responsive to visible light region, performing as an excellent photocatalyst 
for degradation of organic substances.80 However this research did not explore the 
inorganic pollutants removal and also the mechanism of the improved photocatalytic 
activity of those composites was not investigated thoroughly.  
    In this chapter, a novel photocatalyst (TiO2/porous BNNSs composites, TiO2/P-
BNNSs) with exceptional photocatalytic activity and good reusability was fabricated 
by incorporating TiO2 with porous BNNSs. The excellent photocatalytic performance 
of these composites was demonstrated by removing both organic substances 
(Rhodamine B, RhB) and inorganic hexavalent chromium ions (Cr (VI)) in distilled 
water. Narrowed band gap of TiO2/P-BNNSs was confirmed theoretically (by 
calculation) and experimentally (by being performed in the simulated visible light 
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irradiation). Accelerated electron-hole separation was also proved by both 
photocurrent and photo-induced chemiluminescence measurements.  
    The narrowed band gap and facilitated electron-hole separation were attributed to a 
large number of exotic B-O-Ti bonds, which were confirmed by X-ray photoelectron 
spectroscopy (XPS) results. By exploiting the strengths of porous BNNSs, including 
their high adsorption ability and numbers of pores where reactive dangling boron 
bonds were positioned, photocatalytic performance of TiO2 was improved 
significantly after combining with these porous BNNSs.  
4.2 Experimental  
4.2.1 Preparation of porous BNNSs 
    Boron trioxide and guanidine hydrochloride were used to prepare porous BNNSs by 
a dynamic templating approach.29 Typically, boron trioxide (0.56 g) was mixed with 
guanidine hydrochloride (3.95 g), and the mixture was then transferred into a beaker 
which was added with methanol (10 mL) to be fast stirred for 24 h to obtain porous 
BNNSs precursor. A white crystalline powder (a complex between boron trioxide and 
guanidine hydrochloride) was formed during stirring, which was put into a quartz boat, 
and heated at a rate of 10 oC min-1 and kept at 1100 oC for 2 h in a nitrogen/hydrogen 
(15% hydrogen) gas flow to obtain the porous BNNSs.  
4.2.2 Preparation of synthesised TiO2 
    TiO2 was synthesised by a solvothermal method. Specifically, TiO2 precursor was 
prepared firstly. 1 mL of tetrabutyl titanate (TBT) was dissolved in 5 mL ethanol using 
ultrasonic vibration to get transparent solution, which was subsequently added with 2 
mL nitric acid (HNO3, 70 wt %) followed by vigorous stirring. Then the ethanol was 
added into the as-obtained solution to 10 mL to form TiO2 precursor. 2 mL of TiO2 
precursor was added into ethanol by vigorous stirring and was diluted with ethanol to 
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25 mL. The mixture was then transferred into a 50 mL stain steel autoclave, which was 
put in the oven at 180 oC for 20 h. Finally, synthesised TiO2 was collected using 
centrifugation and was then washed with ethanol, followed by being dried at room 
temperature overnight. 
4.2.3 Preparation of TiO2/porous BNNSs composites (TiO2/P-BNNSs)  
4.2.3.1 Pre-treatment of porous BNNSs  
    Porous BNNSs were treated with nitric acid. Briefly, porous BNNSs were dispersed 
in the nitric acid (HNO3, 8M) using ultrasonic vibration for 2 h. Subsequently, they 
were washed by using ethanol several times and separated by centrifugation.  
4.2.3.2 In-situ synthesis of TiO2/P-BNNSs  
    40 mg pre-treated porous BNNSs were dispersed in 20 mL ethanol using ultrasonic 
vibration, followed by adding the as-prepared TiO2 precursor and was then diluted by 
ethanol to 25 mL with subsequent stirring. The dispersion was then transferred into a 
50 mL stain steel autoclave, which was put in the oven at 180 oC for 20 h. The 
autoclave was cooled down naturally and the products were obtained by centrifugation 
followed by being washed using ethanol. Lastly, the products were dried at room 
temperature overnight. In order to get different quantity of TiO2 on porous BNNSs, 
volumes of TiO2 precursor added were different. 1 mL, 2 mL and 3 mL were 
investigated in this research.  
4.2.3.3 Determination of TiO2 weight percent (wt %) on TiO2/P-BNNSs  
    The weight percent (wt %) of TiO2 was determined by Equation (4.1) :  
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                                          ݓ௧ ൌ ௪೎ିସ଴௪೎ ྶ ͳͲͲΨ                                         (4.1) 
Where wc (mg) is the weight of the prepared TiO2/ P-BNNSs, which was obtained by 
weighing.  
4.2.4 Preparation TiO2/non-porous BNNSs (TiO2/NP-BNNSs, TiO2 loading: 
38 wt %)  
    Non-porous BNNSs were prepared according to the work from Nag et al.97 Boric 
acid and urea were mixed at a molar ratio of 1:48, followed by being added with 
distilled water (40 mL) and heated at 65 oC until the water was fully evaporated. The 
mixture was then heated at 900 oC in a N2 atmosphere for 5 h to obtain white 
products.97 
    The method for preparing TiO2/NP-BNNSs was the same as that of TiO2/P-BNNSs 
by replacing porous BNNSs into non-porous BNNSs.  
4.2.5 Photocatalytic experiments 
    Rhodamine B (RhB) and hexavalent chromium ions (Cr (VI)) were selected as 
organic dye and inorganic heavy metal ions, respectively, to evaluate photocatalytic 
performance of TiO2/P-BNNSs. The photocatalytic activity of TiO2/P-BNNSs was 
compared with that of commercial TiO2 (P25) and synthesised TiO2 (TiO2 quantity 
was maintained at 5 mg, TiO2/P-BNNSs was 13 mg). To be specific, RhB solution 
(150 mg L-1, 50 mL) was prepared in 3 (100 mL) quartz beakers, which were 
subsequently added with TiO2/P-BNNSs, synthesised TiO2 and P25, respectively. 
These suspensions were firstly ultrasonicated for 10 min, and then stirred in dark 
condition for 1h to ensure adsorption-desorption equilibrium, after which they were 
irradiated in simulated solar light using Atlas Suntest CPS1 instrument (Ametek, 
United States) equipped with 1500 W air cooled xenon arc lamp (wavelength light 
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ranges from 300~800 nm ). Filter B was chosen, the temperature inside the box was 
35 oC, and the dose was 350 W/m2. 
    After evaluating photocatalytic performance of the TiO2/P-BNNSs for RhB, the 
optimised TiO2/P-BNNSs were selected and were added into Cr (VI) solution (100 mg 
L-1, 50 mL) (pH=3, adjusted by sulfuric acid), which was obtained by dissolving 
potassium dichromate (K2Cr2O7) in distilled water in a 100 mL quartz beaker, followed 
by being carried out with adsorption-desorption and irradiation process as mentioned 
above. Similarly the photocatalytic activity for Cr (VI) reduction by TiO2/P-BNNSs 
was compared with those by P25 and synthesised TiO2 (TiO2 quantity was maintained 
at 25 mg, TiO2/P-BNNSs was 65.8 mg).  
    To conduct visible light irradiation tests, a GC420 cutting filter was used to filter 
out light, the wavelength of which is less than 420 nm. Photocatalytic performance of 
optimised TiO2/P-BNNSs and P25 in simulated visible light irradiation (λ>420 nm) 
were compared in terms of RhB (150 mg L-1, 50 mL) degradation and Cr (VI) (25 mg 
L-1, 50 mL) reduction. The TiO2 quantity was also maintained at 5 mg for RhB solution 
and 25 mg for Cr (VI) solution respectively. 13 mg and 65.8 mg of TiO2/P-BNNSs 
were added in RhB and Cr (VI) solutions, respectively. 
    The RhB or Cr (VI) removal was determined by the changes of absorbance at their 
maximum adsorption wavelength of 554 nm and 348 nm, respectively. At given time 
interval, 3 mL of dye suspension was extracted and centrifuged, followed by using the 
Varian Cary 3E UV/Vis. spectrophotometer to obtain absorption spectra. Their 
removal can be calculated by the Equation (4.2):  
                          Removal (%) =஺଴ି஺௧஺଴ ྶ ͳͲͲΨ                                   (4.2) 
Where At is the absorbance of RhB/Cr (VI) solution at the maximum absorption 
wavelength (λmax) at different irradiation time and A0 is the absorbance of original 
RhB/Cr (VI) solution at λmax. 
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4.3 Results and Discussion 
4.3.1 Preparation of synthesised TiO2 
    TBT is a kind of titanium alkoxides and is one of the mostly used precursors to 
prepare TiO2.26 Its structure is exhibited in Figure 4.1. 
 
 
Figure 4.1 Molecule structure of tetrabutyl titanate. 
    In this research, TBT, HNO3 (70% wt %) and ethanol were used to form the TiO2 
precursor, which was then applied to synthesise TiO2 using the solvothermal method. 
Solvothermal method is identical to the hydrothermal method except that the solvent 
is non-aqueous.25 The mechanism of TiO2 formation during synthesis process can be 
expressed as follows:26  
≡Ti-O-C4H9 + H2O → ≡Ti-O-H + C4H9-OH 
≡Ti-OH + HO-Ti≡ → ≡Ti-O-Ti≡ + H2O 
≡Ti-O-C4H9 + HO-Ti≡→ ≡Ti-O-Ti≡ + Ti-O-C4H9 
The hydrolysis of the TBT, followed by the condensation of hydrolysation products of 
TBT (≡Ti-OH) resulting in the formation of Ti-O-Ti bonds.98  
4.3.2 Preparation of TiO2/P-BNNSs  
4.3.2.1 Pre-treatment of porous BNNSs 
    Existence of hydroxyl groups (–OH) on the edges of BNNSs has been 
demonstrated,99, 100 which are bonded covalently with boron atoms (as shown in Figure 
4.2). As discussed above, –OH plays a vital role in the growth of TiO2 and in order to 
incorporate TiO2 onto porous BNNSs efficiently, it is important to introduce more –
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OH, which are expected to compete with the –OH on hydrolysation products of TBT 
(≡Ti-OH), to form B-O-Ti bonds onto porous BNNSs.  
 
Figure 4.2 Boron nitride structure (with hydroxyl group).100 
    It is believed that a large number of dangling boron bonds at pore edges of porous 
BNNSs are not saturated and highly reactive and are readily to incorporate with –OH 
after treatment of HNO3. In this regard, pre-treatment of porous BNNSs is of necessity 
before the in-situ synthesis of TiO2 on porous BNNSs.  
4.3.2.2 In-situ synthesis of TiO2/P-BNNSs  
    After treatment of porous BNNSs with HNO3, TiO2 was in-situ synthesised on these 
treated porous BNNSs through the solvothermal method. The mechanism of TiO2/P-
BNNSs formation during synthesis process is hypothesised as follows: 
Hydrolysis of the TBT: 
≡Ti-O-C4H9 + H2O → ≡Ti-O-H + C4H9-OH 
Competition between Ti-O-H and BNNSs-OH: 
Ti-O-H + HO-Ti≡ → ≡Ti-O-Ti≡ + H2O 
BNNSs-OH + HO-Ti≡ → ≡Ti-O-BNNSs + H2O 
    During this synthesis process, positive charged Ti (VI) in TBT was loosely bound 
to the surface and pore edges of porous BNNSs, which were slightly negatively 
charged. Porous BNNSs were in the competition of Ti-O-H to undergo the 
condensation with Ti-OH and thus TiO2/P-BNNSs were finally obtained.  
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4.3.2.3 Determination of TiO2 weight percent on TiO2/P-BNNSs  
    TiO2 weight percent on TiO2/P-BNNSs is presumed to play a vital role in their 
photocatalytic performance. Different TiO2 loading on TiO2/P-BNNSs could be 
obtained by varying the volumes of TiO2 precursor (1 mL, 2 mL and 3 mL) that were 
added with the porous BNNSs. By weighing the prepared TiO2/P-BNNSs and 
calculating according to Equation (4.1), TiO2 weight percent can be obtained as 
follows: 
Table 4.1 Different TiO2 loading on TiO2/P-BNNSs (38 wt %) 
TiO2 precursor volume (mL) TiO2 weight percent (wt %) 
1 18 
2 38 
3 51 
4.3.2.4 Determination of optimised TiO2/P-BNNSs  
4.3.2.4.1 TiO2/P-BNNSs for Rhodamine B degradation in simulated solar light 
(λ>300 nm) 
The photocatalytic performance of TiO2/P-BNNSs (TiO2 wt % are 18%, 38% and 
51%) was evaluated by being added into RhB solution (150 mg L-1, 50 mL), after 
which the suspensions were irradiated under simulated solar light. The RhB 
degradation was calculated using Equation (4.2), the results are presented in Figure 
4.3.  
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Figure 4.3 (a) RhB degradation in simulated solar light irradiation with no photocatalyst, P25, 
synthesised TiO2 and TiO2/P-BNNSs with different TiO2 loading. (b) UV/Vis. absorbance spectra of the 
RhB solution with presence of TiO2/P-BNNSs (38 wt %) in simulated solar light irradiation. 
From Figure 4.3 (a) we can see that all TiO2/P-BNNSs (TiO2 loading: 18 wt %, 38% 
wt and 51 wt %) showed better photocatalytic performance than either synthesised 
TiO2 or P25, suggesting loading TiO2 particles on porous BNNSs improves the 
photocatalytic activity of TiO2. Furthermore, among these 3 kinds of TiO2/P-BNNSs, 
RhB degradation was mostly favoured by TiO2/P-BNNSs with TiO2 weight percent of 
38%. 
    After irradiation for 6 hours, 99% of RhB was degraded by TiO2/P-BNNSs (38 
wt %), higher than those with the loading TiO2was either 18 wt % or 51 wt %. More 
information can be seen from Figure 4.3 (b), the characteristic peak absorbance of RhB 
located at 554 nm, decreased gradually during the irradiation, suggesting the 
successful degradation of RhB. The peak absorption of the RhB solution showed a 
hypsochromic shift from 554 nm to 498 nm, which corresponded to a step-by-step 
deethylation to give N,N,N’-triethyl rhodamine (TER, 539 nm), N,N’-diethyl 
rhodamine (DER, 522 nm), N-ethyl rhodamine (MER, 510 nm), and rhodamine at 498 
nm.101  
    The inferior photocatalytic performance of TiO2/P-BNNSs with the 18 wt % TiO2 
loading is possibly attributed to its insufficient TiO2 loading, which may induce the 
decreased photon harvest of TiO2 particles from light irradiation. On the contrary, 51 
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wt % TiO2 loading may be excessive and block the photo-electron transfer between 
TiO2 particles and porous BNNSs, thus inhibiting their photocatalytic activity as well. 
    To summarise, of the three prepared TiO2/P-BNNSs (TiO2 weight percent were 18 
wt %, 38 wt % and 51 wt %), the optimised TiO2 weight percent on TiO2/P-BNNSs 
was determined as 38 wt %. Characterisations and applications of these TiO2/P-
BNNSs (38 wt %) were further investigated in this research.  
4.3.2.4.2 Photocatalytic activity of TiO2/NP-BNNSs (TiO2 loading: 38 wt %) 
    TiO2/non-porous BNNSs composites (TiO2/NP-BNNSs) were prepared by in-situ 
synthesis of TiO2 on non-porous BNNSs. Based on the previous results in 4.3.2.4.1, 
TiO2 weight percent on non-porous BNNSs was selected as 38%, that is, 2 mL TiO2 
precursor was added with non-porous BNNSs for synthesis process. By evaluating 
their photocatalytic activity, RhB solution was added with the TiO2/NP-BNNSs (38 
wt %), the obtained RhB degradation results were compared with those from TiO2/P-
BNNSs (38 wt %), which are shown in Figure 4.4.  
 
Figure 4.4 (a) RhB degradation in simulated solar light irradiation by TiO2/P-BNNSs (38 wt %) and 
TiO2/NP-BNNSs (38 wt %). (b) UV/Vis. absorbance spectra of the RhB solution with presence of 
TiO2/NP-BNNSs (38 wt %) in simulated solar light irradiation. 
    It can be clearly noted with the presence of TiO2/NP-BNNSs (38 wt %) in RhB 
solution, after the simulated solar light irradiation for 6 hours, 80% RhB was degraded, 
around 20% lower than that with TiO2/P-BNNSs (38 wt %), suggesting that TiO2/NP-
CHAPTER 4                                                             Photocatalytic activity of TiO2/P-BNNSs  
42 
 
BNNSs (38 wt %) showed inferior photocatalytic performance to TiO2/P-BNNSs (38 
wt %). 
    These results revealed that the better performance of TiO2/P-BNNSs composites 
was considerably derived from pores on porous BNNSs, which is an unreplaceable 
supporting material to be loaded with TiO2. Details on how these pores on porous 
BNNSs improve the photocatalytic performance will be further discussed in 4.3.4. 
4.3.2.5 TiO2/P-BNNSs (38 wt %) for Cr (VI) reduction in simulated solar light 
(λ>300 nm)  
    Besides the organic dye RhB, it is also important to explore how these TiO2/P-
BNNSs perform in removing inorganic pollutants, such as heavy metal ions. 
Hexavalent chromium ions (Cr (VI)), one of the representative heavy metal ions, 
Figure 4.5 (a) Cr (VI) solutions in dark with TiO2/P-BNNSs (38 wt %) and in simulated solar light 
irradiation with P25, synthesised TiO2 and TiO2/P-BNNSs (38 wt %). (b) UV/Vis. absorbance spectra of 
the Cr (VI) solution with presence of TiO2/P-BNNSs (38 wt %) in simulated solar light irradiation. 
which may be discharged from textile dyeing industry,102 was selected to be reduced 
by TiO2/P-BNNSs (38 wt %). Similar to RhB degradation experiments, Cr (VI) 
reduction by TiO2/P-BNNSs (38 wt %) was also compared with those by synthesised 
TiO2 and P25. Results are shown in Figure 4.5.  
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    It can be seen from Figure 4.5 (a) that TiO2/P-BNNSs (38 wt %) performed better 
in reducing Cr (VI). 100% Cr (VI) was reduced after simulated solar light irradiation 
for 70 min. However for synthesised TiO2 and P25, there were only 49% and 16%, 
respectively. UV/Vis. adsorption peaks of Cr (VI) solutions located at 348 nm103 
decreased gradually (Figure 4.5 (b)), suggesting the successful Cr (VI) reduction by 
TiO2/P-BNNSs (38 wt %). In addition, after stirring in the dark condition for 70 min, 
only around 5% Cr (VI) adsorbed on TiO2/P-BNNSs (38 wt %) (Figure 4.5 (a)). These 
results firmly demonstrated the removal of Cr (VI) by TiO2/P-BNNSs (38 wt %) was 
derived from the excellent photocatalytic activity of TiO2/P-BNNSs (38 wt %) instead 
of their excellent adsorption ability, which is mentioned in 4.3.4.3.1. These results 
suggest that TiO2/P-BNNSs (38 wt %) are with exceptional photocatalytic activity in 
removing Cr (VI), again demonstrating the significance of loading TiO2 on porous 
BNNSs.  
4.3.2.6 Application and reusability of TiO2/P-BNNSs (38 wt %) in simulated 
visible light (λ>420 nm) 
    Traditionally, TiO2 can only be excited by UV light due to its wide band gap (~3.2 
eV for anatase and brookite, ~3.0 eV for rutile).96 However only 10% of UV radiation 
reaches the earth’s atmosphere and even less (4~6%) to ground level.31 In contrast, 
visible light accounts for around 43% of solar light, thus it is important to develop 
novel photocatalyts which are responsive to visible light to achieve a higher solar 
energy exploitation. In order to understand the performance of TiO2/P-BNNSs (38 
wt %) in the visible light, RhB and Cr (VI) solutions were employed to be added with 
these composites and the suspensions were irradiated in simulated visible light. Their 
photocatalytic behaviour was compared with that of P25, a commercial TiO2, which is 
commonly seen as one of the most active TiO2 and is widely used as a reference to 
evaluate the photocatalytic activity of a newly developed photocatalyst.75 In order to 
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investigate the stability of these composites, they were recollected after one cycle’s 
use by centrifugation and put in the newly prepared solutions to undergo irradiation 
for other several cycles.  
4.3.2.6.1 RhB degradation 
    Results for removal and reusability of these composites for RhB in simulated visible 
light are presented in Figure 4.6. From Figure 4.6 (a) we can see that TiO2/P-BNNSs 
(38 wt %) showed remarkably higher photo degradation for RhB than P25. 
 
Figure 4.6 (a) RhB degradation in simulated visible light irradiation with no photocatalyst, P25 and 
TiO2/P-BNNSs (38 wt %). (b) UV/Vis. absorbance spectra of the RhB solution with presence of TiO2/P-
BNNSs (38 wt %) in simulated visible light irradiation. (c) The degradation performance of RhB with 
TiO2/P-BNNSs (38 wt %) in simulated visible light with 5 successive cycles. 
Specifically, after visible light irradiation for 10 hours, RhB was completely removed 
by TiO2/P-BNNSs (38 wt %) whilst merely 36% RhB was degraded by P25. It should 
be noted that P25 can only be excited by UV light and the RhB photo degradation 
phenomena herein is derived from the dye-sensitisation process but not the 
photocatalysis process. In visible light, dyes can adsorb visible light photons and 
subsequently inject electrons into conduction band of P25 to initiate the degradation 
of dyes.104  
    100% RhB degradation by TiO2/P-BNNSs (38 wt %) was confirmed by the UV/Vis. 
spectra of RhB solution during irradiation, it can be seen from Figure 4.6 (b) that 
characteristic peak absorbance of RhB located at 554 nm and this peak decreased 
gradually and even disappeared ultimately, suggesting the successful RhB removal . 
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    The excellent reusability of TiO2/P-BNNSs (38 wt %) for RhB degradation was also 
confirmed, as shown in Figure 4.6 (c). After use of TiO2/P-BNNSs (38 wt %) for 4 
cycles, excellent photocatalytic property of these composites remained, RhB 
degradation percentage still reached 97% at the 5th cycle.  
4.3.2.6.2 Cr (VI) reduction  
 
Figure 4.7 (a) Cr (VI) solutions in dark by TiO2/P-BNNSs (38 wt %) and in simulated visible light 
irradiation by TiO2/P-BNNSs (38 wt %) and P25. (b) UV/Vis. absorbance spectra of the Cr (VI) solution 
with presence of TiO2/P-BNNSs (38 wt %) in simulated visible light irradiation. (c) The reduction 
performance of Cr (VI) by TiO2/P-BNNSs (38 wt %) in simulated visible light with 2 successive cycles. 
    It can be seen from Figure 4.7 (a) that Cr (VI) could not be reduced by P25 in visible 
light irradiation. This result was consistent with previous results, where Kyung et al. 
studied Cr (VI) conversion by P25 and negligible Cr (VI) reduction was noticed.104 On 
the other hand, Cr (VI) was totally reduced with the presence of TiO2/P-BNNSs (38 
wt %). Cr (VI) removal was further confirmed by UV/Vis. spectra of Cr (VI) solution, 
the characteristic peak absorption (348 nm) of which decreased during visible light 
irradiation and diminished finally. These results reveal that TiO2/P-BNNSs (38 wt %) 
are promising photocatalysts for removing heavy metal ions. Unfortunately, the 
durability of TiO2/P-BNNSs (38 wt %) was impaired when they were applied to reduce 
Cr (VI). As depicted in Figure 4.7 (c), the Cr (VI) reduction decreased to 66% at the 
second use. This largely decreased Cr (VI) reduction percentage was due to the 
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produced Cr (III) may precipitate on the surface of photocatalysts, leading to less Cr 
(VI) adsorption on photocatalysts, thus making TiO2/P-BNNSs (38%) deactivated.105  
4.3.3 Materials Characterisation 
4.3.3.1 XRD  
 
Figure 4.8 XRD patterns of porous BNNSs, synthesised TiO2 and TiO2/P-BNNSs (38 wt %). 
    The XRD patterns of TiO2/P-BNNSs (38 wt %), synthesised TiO2 and porous 
BNNSs are shown in Figure 4.8. For porous BNNSs, two diffraction peaks are aroused 
from the (100) and (002) planes of porous BNNSs.29 All diffraction peaks of 
synthesised TiO2 are associated with anatase phase (JCPDS No. 21-1272). The 
diffraction peaks of synthesised TiO2 can also be found in the XRD pattern of TiO2/P-
BNNSs (38 wt %) while the diffraction peaks of porous BNNSs cannot be found and 
this may be due to the intensity of porous BNNSs is weaker than that of synthesised 
TiO2.  
4.3.3.2 FTIR 
FTIR spectra of porous BNNSs, synthesised TiO2 and TiO2/P-BNNSs (38 wt %) are 
presented in Figure 4.9. Two strong peaks of porous BNNSs located at 785 cm-1 and 
1349 cm-1 are assigned to B-N bending and B-N stretching, respectively.29 In terms of 
synthesised TiO2, the peak near 540 cm-1 corresponds to Ti-O stretching while the peak 
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at 1663 cm-1 vibration associated with the vibration of adsorbed water and the peak 
near 3300 cm-1 indicates the presence of hydroxyl group.106 For TiO2/P-BNNSs (38 
wt %), apart from the typical peaks raised from porous BNNSs and synthesised TiO2, 
characteristic peak near 1210 cm-1 was also found, which is ascribed to B-O bonds. 
These bonds may be originated from the pre-treatment of porous BNNSs, where 
hydroxyl groups (-OH) were introduced before synthesising process or from the bonds 
B-O-Ti that were formed during the synthesising process.  
 
Figure 4.9 FTIR spectra of porous BNNSs, synthesised TiO2 and TiO2/P-BNNSs (38 wt %). 
4.3.3.3 TEM 
From Figure 4.10 (a) it can be seen that porous BNNSs have a layered structure 
composed of several stacking layers of BN basal planes with a large number of pores 
with diameters ranging from 20 nm to several hundred nanometers. Figure 4.10 (b) 
presents TEM image of TiO2/P-BNNSs (38 wt %), showing TiO2 particles (crystallite 
size varies from 7 to 15 nm) were loaded uniformly on porous BNNSs. The high-
resolution TEM (HRTEM) image also shows numerous TiO2 nanoparticles were 
densely deposited onto the edge area of pores. (Figure 4.10 (c)) The HRTEM image of 
TiO2 nanoparticles (Figure 4.10 (d)) indicates a well-defined crystallinity of TiO2 with 
lattice spacing of 0.355 nm, which corresponds to the (101) planes of anatase phase. 
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Figure 4.10 TEM images of (a) starting porous BNNSs and (b) TiO2/P-BNNSs (38 wt %), showing a 
uniform distribution of TiO2 particles on the porous BNNS surface. (c) and (d) are HRTEM images for a 
pore decorated by TiO2 particles, and a single TiO2 particle as indicated by the white arrow in (c), 
respectively. 
4.3.3.4 XPS 
    The interaction between porous BNNSs and TiO2 in TiO2/P-BNNSs (38 wt %) was 
investigated using X-ray photoelectron spectroscopy (XPS) analysis. The binding 
energy of 398.2 eV is a typical peak position for N 1s as shown in Figure 4.11 (a), 
which is related to BN3 and NB3 trigonal units of BN layers.30 Two characteristic 
peaks of TiO2 at 456.9 eV and 462.7 eV (Figure 4.11 (c)) ascribe to Ti2p3/2 and 
Ti2p1/2, respectively. 
    Besides the standard sp2-hybridized BN structures in both porous BNNSs and 
TiO2/P-BNNSs (38 wt %), the shoulder peaks with different relative intensities located 
at the binding energy of 191.7 and 192.2 eV in B1s spectra are attributed to the edge 
or interfacial boron dangling boron bonds linked with -OH and -OTi groups, 
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Figure 4.11 XPS spectra of porous BNNSs and TiO2/P-BNNSs (38 wt %): (a) N1 s; (b) B1s; (c) Ti 2p and 
(d) O1 s. 
respectively.107 Furthermore, the formation of B−O−Ti bonds in TiO2/P-BNNSs (38 
wt %) can also be examined and confirmed by the analysis of O1s spectra, as shown 
in Figure 4.11 (d). The peak located at binding energy of 532.5 eV is assigned to the 
B−O−H bonds for porous BNNSs, which is related to surface hydroxyl groups on 
porous BNNSs. The O1s region of TiO2/P-BNNSs (38 wt %) is composed of two peaks. 
The first peak at 530.6 eV corresponds to O−Ti bond of TiO2 phase. Compared with 
binding energy of hydroxyl O1s in porous BNNSs, a high energy peak at 532.9 eV is 
observed, which is assigned to the formation of a chemical bond between a titanium 
atom of TiO2 and a boron atom at the edge of BN ( B−O−Ti bonds) in TiO2/P-BNNSs 
(38 wt %).108 
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4.3.3.5 UV/Vis. adsorption spectra 
 
Figure 4.12 UV/Vis. adsorption spectra of synthesised TiO2 and TiO2/P-BNNSs (38 wt %), the inset is 
the UV/Vis. adsorption spectra of porous BNNSs. 
    UV/Vis. adsorption spectra of porous BNNSs, synthesised TiO2 and TiO2/P-BNNSs 
(38 wt %) are shown in Figure 4.12. It can be seen that the adsorption edge of TiO2/P-
BNNSs (38 wt %) shows a red shift in comparison with that of both the porous BNNSs 
and synthesised TiO2. This shift might be attributed to the energy rearrangement of 
TiO2 after it was incorporated with porous BNNSs. Particularly, one can see that the 
TiO2/P-BNNSs (38 wt %) showed a much stronger tailing adsorption covering the 
whole visible light region than the synthesised TiO2, suggesting the excellent visible 
light harvesting behaviour of the TiO2/P-BNNSs (38 wt %).  
4.3.4 Mechanism of the improved photocatalytic activity of TiO2/P-BNNSs 
(38 wt %) 
    Given that extensive applications of TiO2 are hindered by its wide gap and high 
recombination rate, tuning the band gap and retarding recombination of electron-hole 
pairs have caught scientists’ endeavour in the past years.96, 109 To explain the enhanced 
photocatalytic performance of TiO2/P-BNNSs (38 wt %), proposed narrowed bad gap 
and inhibited electron-hole recombination of these composites are demonstrated in this 
study and discussed specifically as below.  
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4.3.4.1 Narrowed band gap 
Figure 4.13 (a) UV/Vis. reflectance spectra of synthesised TiO2 and TiO2/P-BNNSs (38 wt %). (b) 
Kubelka-Munk plots and band gap energy estimation of synthesised TiO2 and TiO2/P-BNNSs (38 wt %). 
    The optical properties of the prepared TiO2/P-BNNSs (38 wt %) were obtained by 
diffuse reflectance UV/Vis. spectroscopy and the results are shown in 4.13 (a). These 
UV/Vis. reflectance spectra was related to Kubelka-Munk function, which can be 
expressed as Equation (4.3): 
                                             F(R) = (1-R) 2/2R                                            (4.3)  
Where R is the reflectance and F (R) is proportional to the constant absorption of the 
photocatalysts. The band gap could be evaluated through the plot of [F(R) Eg] 1/2 
versus the photon energy (Eg= hv) (Figure 4.13 (b)),110 which is called as the Kubelka-
Munk plots. Figure 4.13 (b) shows the Kubelka-Munk plots for the synthesised TiO2 
and TiO2/P-BNNSs (38 wt %). By doing the linear extrapolation of these plots, it can 
be estimated that the band gap of synthesised TiO2 was 3.13 eV while the band gap of 
the TiO2/P-BNNSs (38 wt %) was reduced to 2.98 eV. This band gap narrowing is one 
of the reasons why TiO2/P-BNNSs (38 wt %) possess high photocatalytic performance 
and even perform well in simulated visible light irradiation. Conventionally, the 
excited wavelength for anatase TiO2 is less than 380 nm because its band gap is around 
3.2 eV.111 The excited light wavelength of TiO2/P-BNNSs (38 wt %), however, 
extended to around 420 nm according to photon energy (Eg=hv) calculation. This 
theoretical result is consistent with the experimental results as discussed above, where 
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TiO2/P-BNNSs (38 wt %) could be excited by visible light irradiation (λ>420 nm) to 
remove RhB and Cr (VI) in distilled water. 
    The band structure of these composites can also be obtained, which is expected to 
assist clarifying the mechanism of the improved photocatalytic activity. The 
conduction band (CB) and valence band (VB) potentials of a semiconductor are 
calculated using the followed Equation (4.4) – (4.6)112: 
                                X= [x (A) a x (B) b x(C) c x (D) d] 1/(a+b+c+d)                                               (4.4) 
                                                     ECB=X-0.5Eg-Ee                                                                           (4.5) 
                                                                                 EVB= ECB + Eg                                                                              (4.6) 
Where EVB and ECB are the VB and CB edge potential, respectively. Ee is the energy 
of free electrons vs. normal hydrogen electrode (NHE) (4.5 V) and Eg is the band gap 
energy of a semiconductor. X is the absolute electronegativity of semiconductor (a, b, 
c and d are the atomic number of compounds). Based on the band gaps of synthesised 
TiO2 (3.13 eV) and TiO2/P-BNNSs (38 wt %) (2.98 eV) obtained above, the valence 
and conduction band potentials of synthesised TiO2 and TiO2/P-BNNSs (38 wt %) 
calculated by Equations (4.4)-(4.6) are as follows: 
Synthesised TiO2: 
X=[x (Ti) x (O) 2] 1/3= (3.45ྶ7.542) 1/3 = 5.81  
ECB (TiO2) = (5.81-0.5ྶ3.13-4.5) eV = -0.255 eV 
EVB (TiO2) = (3.13-0.255) eV = 2.875 eV 
TiO2/P-BNNSs (38 wt %): 
X= [x (Ti) x (O) 2 x (B) x (N)] 1/5= (3.45ྶ7.542ྶ4.29ྶ7.3) 1/5 = 5.72  
ECB (TiO2/P-BNNSs, 38 wt %) = (5.72-0.5ྶ2.98-4.5) eV = -0.29 eV 
EVB (TiO2/P-BNNSs, 38 wt %) = (2.98-0.29) eV = 2.69 eV 
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Figure 4.14 Band energy diagram of (a) synthesised TiO2 and (b) TiO2/P-BNNSs (38 wt %). 
    As expressed in Figure 4.14, the conduction and valence band edges of synthesised 
TiO2 are similar to the previous reported results of anatase TiO2.28, 113 It can be 
concluded that synthesising TiO2 on porous BNNSs changed the band structure of TiO2. 
Specifically, the conduction band edge improved insignificantly from -0.255 eV to -
0.29 eV, while valence band edge lifted considerably from 2.875 eV to 2.69 eV, which 
mainly contributed to the band gap narrowing.  
4.3.4.2 High charge separation  
Figure 4.15 (a) Photocurrent responses of synthesised TiO2 and TiO2/P-BNNSs (38 wt %) in simulated 
solar light irradiation. (b) Emission profiles from photo-induced chemiluminescence experiments for 
synthesised TiO2 and TiO2/P-BNNSs (38 wt %) by using light wavelength ranges from 320 nm to 500 nm. 
    Photocurrents of synthesised TiO2 and TiO2/P-BNNSs (38 wt %) were measured in 
simulated solar light (λ>300 nm) with several switch-on/off events and the results are 
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exhibited in Figure 4.15 (a). Photocurrents of TiO2/P-BNNSs (38 wt %) for each 
switch-on/off were higher than those of synthesised TiO2, suggesting the separation 
efficiency of photo-induced electrons and holes was enhanced through interaction 
between TiO2 and porous BNNSs.  
    Besides electrons and holes can directly react with pollutants, free radicals such as 
hydroxyl radicals (•OH) and superoxide radicals (O2-•) are also important to initiate 
reactions.114 As derivatives of electrons and holes, which can be expressed as 
follows,111  
TiO2 → e- + h+ 
e- + O2 → O2-• 
h+ + H2O → H+ + •OH 
h+ + OH- → •OH 
2•OH → H2O2 
a higher number of these free radicals suggest a higher amount of electrons and holes, 
indirectly reflecting less recombination of electrons and holes.  
    Photo-induced chemiluminescence emission spectra gives information of free 
radicals population produced from the photocatalysts. As shown in Figure 4.15 (b), 
concentration of free radicals from TiO2/P-BNNSs (38 wt %) was much higher than 
that of synthesised TiO2, further confirming the reduced recombination rate, or in other 
words, the higher separation efficiency of electrons and holes on TiO2/P-BNNSs (38 
wt %). 
    This high separation efficiency of photo induced electrons and holes are mainly 
attributed to the electron transfer from loaded TiO2 particles to porous BNNSs. The 
feasibility of this electrons’ transfer can be explained by the conduction band potentials 
of the synthesised TiO2 and porous BNNSs. Although it is still unclear of the 
conduction band potential of BN, calculations showed that conduction band of semi 
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hydrogenated h-BN monolayered nanosheets (-0.25 V vs. NHE) is similar to that of 
anatase TiO2. Previous research also revealed that BN can yield O2- in water thus 
concluded that the conduction band potential of BN should be negatively greater than 
the O2/O2- reduction potential, which is -0.13 V (vs. NHE). In this regard, conduction 
band potential of BN was summarised to lie between -0.13 V (vs. NHE) and -0.25 V 
(vs. NHE).113 In terms of synthesised TiO2, its conduction band potential is 0.255 V 
(vs. NHE), higher than the conduction band potential of BN as mentioned above. 
Therefore, the transfer of photo induced electrons from TiO2 to porous BNNSs is 
thermodynamically feasible. Transfer process is presented in Figure 4.16.  
 
Figure 4.16 Schematic illustrations for electrons transfer from TiO2 to porous BNNSs. 
    It is believed that the formed B-O-Ti bonds play a very significant role in 
transporting the electrons. A potential barrier can be formed on the grain boundaries 
of synthesised TiO2, and electrons produced in conduction band have to overcome this 
barrier to the neighboured one. In other words, this potential barrier limits the electrons 
transfer. If synthesised TiO2 and porous BNNSs were chemically bonded, the forming 
chemical bonds can provide a spatial condition for electrons to be transferred via 
interfaces.28 Furthermore, the large π-π network of porous BNNSs acts as a sink for 
electrons, accepting the transferred electrons continuously and thus ensuring the 
consistent facilitated separation of electrons and holes. 
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4.3.4.3 Strengths of porous BNNSs 
    It can be concluded that porous BNNSs play a very significant role in enhancing 
photocatalytic activity as the photocatalytic performance of TiO2 was remarkably 
enhanced after it was supported by porous BNNSs. Hypothesis for the advantages 
brought by porous BNNSs are: (1) large surface area of porous BNNSs endows them 
with high adsorption ability, which help increase the contact between pollutants and 
TiO2. (2) a number of dangling boron bonds on open edges of pores are reactive, being 
readily to form B-O-Ti bonds, which benefit to electron-hole pairs transfer and band 
gap narrowing.  
4.3.4.3.1 High adsorption ability  
    Compared with synthesised TiO2 and P25, TiO2/P-BNNSs (38 wt %) had better 
adsorption ability, as shown in Table 4.2.  
Table 4.2 Adsorption ability of P25, synthesised TiO2 and TiO2/P-BNNs (38 wt %) for RhB and Cr (VI) 
  P25 
synthesised 
TiO2 
 TiO2/P-BNNSs  
(38 wt %) 
RhB 0% 0% 6% 
Cr (VI) 8.8%  6.8% 16% 
 
Table 4.2 exhibits the adsorption ability of TiO2/P-BNNSs (38 wt %) (65.7 mg) for 
RhB (150 mg L-1) and Cr (VI) (25 mg L-1) in comparison with that of P25 (25 mg) and 
synthesised TiO2 (25 mg). It can be seen that 6% RhB was adsorbed on TiO2/P-BNNSs 
(38 wt %), while no RhB was adsorbed on P25 and synthesised TiO2. Also, TiO2/P-
BNNSs (38 wt %) adsorbed 16% Cr (VI), 7.2% higher than that of P25 and 9.2% 
higher than the figure for synthesised TiO2. Given that the synthesised TiO2 did not 
show good adsorption performance for both RhB and Cr (VI), it should be the porous 
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BNNSs played a significant role in the high adsorption behaviour of TiO2/P-BNNSs 
(38 wt %). 
Figure 4.17 Nitrogen adsorption and desorption isotherm of TiO2/P-BNNSs (38 wt %). 
Specifically, porous BNNSs had a strong adsorption capability for dyes because of 
the strong π-π interactions, which were induced by the similarity of benzene molecules 
and B-N rings on (002) plane of BN.115 In addition, the large surface area of porous 
BNNSs (~1400 m2 g-1) enabled a large number of dye molecules to be adsorbed on 
their surface through “surface effect”.29 High volume of pores and unsaturated atoms 
along the edges of nanosheets might also be beneficial to the strong adsorption. Except 
for dyes, BN was also demonstrated to be an effective adsorbent for the metal ions due 
to its large surface area.116 Therefore, it can postulate that high adsorption capability 
of TiO2/P-BNNSs (38 wt %) is due to the introduction of the porous BNNSs into these 
composites. Their high surface area was confirmed by Figure 4.17, which gives the 
information of nitrogen adsorption and desorption isotherm of TiO2/P-BNNSs (38 
wt %). The isotherms of TiO2/P-BNNSs (38 wt %) are a characteristic of type II 
isotherms with a hysteresis loop at a relative pressure between 0.4 and 1.0, which 
reveals a predominant mesoporous structure. Calculation with the Brunner-Emmet-
Teller (BET) model gives specific surface area for TiO2/P-BNNSs (38 wt %) is 263 m2 
g-1. 
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    It is vital to increase adsorption ability of a photocatalyst as photo-induced reaction 
species are dominantly located on its surfaces. Given that TiO2 were uniformly 
anchored on porous BNNSs, adsorption of pollutants on porous BNNSs increased the 
approach of pollutants on loaded TiO2 particles, thus increasing the photo reaction 
rates. 
4.3.4.3.2 Dangling boron bonds 
Owing to pores on porous BNNSs, plentiful dangling boron bonds at open edges of 
pores are presumed to be reactive and readily to react with Ti-O-H to form B-O-Ti 
bonds, which have been confirmed through XPS results and discussed above in 4.3.3.4. 
XPS results of TiO2/NP-BNNSs (38 wt %) implied that no B-O-Ti bonds were found 
in TiO2/NP-BNNSs (38 wt %) (Figure 4.18). 
    Similar to XPS results of TiO2/P-BNNSs (38 wt %), as shown in Figure 4.18 (a) and 
(c), a typical peak position of N 1s is related to BN3 and NB3 trigonal units of BN 
layers while two peaks of TiO2 attributed to Ti 2p3/2 and Ti 2p1/2 respectively. 
However, unlikely TiO2/P-BNNSs (38 wt %), the position of hydroxyl O1s peak of 
TiO2/NP-BNNSs (38 wt %) almost keeps the same position at 532.5 eV as shoulder in 
non-porous BNNSs, suggesting no B-O-Ti bonds formed in TiO2/NP-BNNSs (38 
wt %). 
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Figure 4.18 XPS spectra of non-porous BNNSs and TiO2/NP-BNNSs (38 wt %): (a) N1 s; (b) B1s; (c) Ti 2p 
and (d) O1 s. 
4.3.5 Conclusion  
Synthesis and application processes of TiO2/P-BNNSs (38 wt %), which were 
discussed specifically above, can be briefly expressed in Figure 4.19.  
To summarise, pre-treated porous BNNSs were added with TiO2 precursor to in-situ 
synthesis TiO2 particles distributing uniformly on porous BNNSs. [Path 1, 2 and 3] By 
introducing these prepared TiO2/P-BNNSs (38 wt %) in prepared pollutant solutions 
(RhB or Cr (VI)) to form the suspensions which were then irradiated in simulated solar 
light or visible light, during which electron-hole pairs were produced from TiO2 to 
initiate a series of photo reactions. [Path 4] TiO2/P-BNNSs (38 wt %) were collected 
to be added into newly-prepared pollutant solutions to be recycled. [Path 5] 
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Figure 4.19. Synthesis and application processes of RhB or Cr (VI) removal by TiO2/P-BNNSs (38 wt %). 
        During the photo reaction, electrons transferred from TiO2 to porous BNNSs 
through the forming B-O-Ti bonds, facilitating the separation of electrons and holes. 
[Path 6] The formation of B-O-Ti bonds accompanied with energy level rearrangement, 
leading to the band gap narrowing. Also, high adsorption ability of TiO2/P-BNNSs (38 
wt %) increased the contact of pollutants and the prepared photocatalysts to facilitate 
photo reaction process. All these factors contribute to the improved photocatalytic 
activity of TiO2/P-BNNSs (38 wt %).
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5 COLOUR REMOVAL BY TiO2/P-BNNSs IN THE COTTON 
DYEING EFFLUENT 
5.1 Background 
    Cotton textiles constitutes one of the world’s mostly used textiles7, and more than 
50% of its production volume its dyed with reactive dyes.37 One of the main problems 
of the application of reactive dyes is its low substantivity, which leads to the unbonded 
dye with cotton fibre. The unbonded dyes are easily to be washed off in the following 
rinsing and soaping processes. This problem called for the addition of a large amount 
inorganic salts for the dye exhaustion.6, 117 Specifically, the dyeing of 1 kg of cotton 
with reactive dyes demands around 0.6 – 0.8 kg NaCl.117 Furthermore, the alkalis such 
as sodium carbonate or sodium hydroxide are added for the further exhaustion.118 
Despite the fact that the addition of inorganic salts or alkali can promote the dye 
exhaustion, the loss of reactive dyes during the cotton dyeing process reach up to 40% 
in their hydrolysed or unfixed forms.119 These dyes in the effluent appear as strong 
colour even in very low concentration (1 mg L-1), generating by-products through 
oxidation, hydrolysis, or other chemical reactions, and causing damage to the 
environment.6  
    Conventional methods including biological, physical and chemical methods are 
applied to dye removal, while these methods are with high cost, time-consuming and 
may cause secondary pollution.4-6, 8, 9 On the other hand, advanced oxidation processes 
(AOP) have emerged as a promising treatment, which utilises the produced highly-
oxidative hydroxyl radicals (•OH) to destroy organic pollutants completely. Among all 
of the AOP systems, including Ozone/H2O2, Ozone/UV/H2O2, Ozone/TiO2/H2O2, 
TiO2/UV etc., TiO2 and UV irradiation have attracted more attention.45 Unfortunately, 
the high electron-hole recombination rate of TiO2 hinders its photocatalytic 
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performance, leading to inefficient dye removal.22, 23, 25, 26 Besides, except for dyes, 
cotton dyeing effluent also involve a large amount of inorganic salts, which might have 
an adverse effect on dye removal. The most commonly accepted opinion is that 
inorganic ions might act as •OH scavengers to reduce the oxidative species for organic 
dyes.120 In this regard, it is important to apply the novel TiO2 photocatalyst with high 
photocatalytic activity in a simulated cotton dyeing effluent where inorganic salts were 
taken into consideration, taking a closer step to real cotton dyeing wastewater 
treatment.   
    In this chapter, TiO2/porous boron nitride nanosheets composites (TiO2/P-BNNSs, 
TiO2 loading: 38 wt %) developed in Chapter 4, were applied to decolourise Reactive 
Yellow 161 (RY161), a monochlorotriazine reactive dye, in the simulated cotton 
dyeing effluent that was composed of inorganic salts (NaCl and Na2CO3) and alkali 
(pH=11). The influences of inorganic salts and alkali on RY161 decolourisation were 
studied. The enhanced RY161 decolourisation and reusability by using TiO2/P-BNNSs 
(38 wt %) were also demonstrated.  
5.2 Experimental  
5.2.1 Preparation of porous BNNSs, synthesised TiO2 and TiO2/P-BNNSs (38 
wt %)  
    Preparation of porous BNNSs, synthesised TiO2 and TiO2/P-BNNSs (38 wt %) were 
the same as described in Chapter 4 (4.2.1, 4.2.2, and 4.2.3). 
5.2.2 Simulated cotton dyeing effluent 
The concentration of the RY161 in the effluent was fixed at 50 mg L-1 while pH 
value was selected as 11. The concentrations of NaCl and Na2CO3 were selected as 80 
g L-1 and 25 g L-1, respectively. The dye bath was diluted in the rinsing stage by 40-
fold. The concentrations of NaCl and Na2CO3 were thus diluted to 2 g L-1 and 0.625 g 
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L-1, respectively. The compositions of the simulated dyeing effluent can be 
summarised in Table 5.1 while the molecular structure of RY161 is presented in Figure 
5.1. 
 
Figure 5.1 Molecular structure of Reactive Yellow 161 (RY161). 
  
Table 5.1 Compositions of the simulated cotton dyeing effluent 
 
5.2.3 Photocatalytic activity test  
    All prepared-solutions (50 mL) were added with TiO2/P-BNNSs (38 wt %) (20 mg) 
and the concentrations of all the compositions were shown in Table 5.1. The 
suspensions were stirred in the dark condition for 1 h to ensure the adsorption-
desorption equilibrium of RY161 and was then put in the Altas Suntest CPS2 
instrument (Ameteck, United States) equipped with 1500 W air cooled xenon arc lamp 
Dye (colour index)  Company Reactive group 
Concentration 
(mg L-1) 
Cibacron Yellow H-2G CIBA Monochlorotriazine 50 
Auxiliary chemical Function in the dyeing and /or rinsing process 
Concentration 
(g L-1) 
NaCl Transfer reactive dyes to fabric 2 
Na2CO3 pH buffer 0.625 
NaOH 
Produces covalent bonds between reactive dyes and 
fabric 
pH=11 
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(light wavelength range: 300~800 nm, 350 W). 2 mL suspension was extracted every 
10 min and centrifuged to obtain the supernatant, the UV/Vis. spectra of which was 
obtained by Varian Cary 3E spectrophotometer, to track down the concentration 
changes of RY161. The RY161 decolourisation can be calculated by the Equation (5.1):  
                                  Decolourisation (%) = ஺௢ି஺೟஺௢ ྶ ͳͲͲΨ                               (5.1)                     
Where A0 is the absorbance of original RY161 solution at the maximum absorbance 
wavelength (λmax), At is the absorbance of RY161 solution at λmax after simulated solar 
light irradiation at different time (λ>300 nm).  
    In order to determine whether the photocatalytic activity is enhanced by using 
TiO2/P-BNNSs (38 wt %), synthesised TiO2 and commercial TiO2 (P25) were also 
used to carry out photocatalysis in the same solution compositions as mentioned above. 
The quantity of TiO2 was maintained at 7.6 mg. 
5.3 Results and Discussion 
5.3.1 RY161 decolourisation in distilled water by P25, synthesised TiO2 and 
TiO2/P-BNNSs (38 wt %) 
As shown in Figure 5.2, the RY161 decolourisation in distilled water by using P25, 
synthesised TiO2 and TiO2/P-BNNSs (38 wt %) were 71.2%, 85.8% and 96.5%, 
respectively. Compared with synthesised TiO2, TiO2/P-BNNSs (38 wt %) showed 
higher RY161 decolourisation percentage, suggesting that porous BNNSs play an 
important role in enhancing the photocatalytic performance of TiO2. The reason for 
excellent performance of TiO2/P-BNNSs (38 wt %) has been discussed in Chapter 4. 
It should be mentioned that high adsorption capability of porous BNNSs attracts more 
dyes onto TiO2 surface, which can promote the reaction between RY161 molecules 
and the •OH produced on the surface of TiO2. This phenomenon can be supported by 
the published work from Gao et al., who synthesised TiO2 on the activated carbon 
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(AC), which had excellent adsorption ability, and claimed TiO2/AC composites had a 
higher photocatalytic efficiency for Acid Red 88 (AR88) than the unsupported TiO2.121 
Higher adsorption ability of the TiO2/P-BNNSs (38 wt %) for RY161 can also be 
confirmed as shown in Figure 5.2 (a), (b) and (c), during adsorption-desorption 
equilibrium process, the concentration of RY161 decreased by 20%, however there 
were only 6.8% and 7% for synthesised TiO2 and P25, respectively.  
 
Figure 5.2 UV/Vis. absorbance spectra of RY161 solution in simulated solar light irradiation with the 
presence of (a) P25, (b) synthesised TiO2 and (c) TiO2/P-BNNSs (38 wt %) for 70 min. (d) Decolourisation 
of RY161 by P25, synthesised TiO2 and TiO2/P-BNNSs (38 wt %), Co and C are the concentration of 
original RY161 solution and concentration of RY161 solution at different irradiation time, respectively. 
5.3.2 Influence of pH and inorganic salts on RY161 decolourisation in the 
simulated cotton dyeing effluent  
    In order to understand how inorganic salts (NaCl and Na2CO3) and alkali (pH=11) 
influence the photo decolourisation of RY161, different solution compositions were 
prepared: 1. RY161 solution; 2. RY161 (pH=11) solution, 3. RY161 (NaCl+Na2CO3) 
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solution. P25, synthesised TiO2 and TiO2/P-BNNSs (38 wt %) were added in the as-
prepared solutions and the suspensions underwent photocatalysis process being 
irradiated by the simulated solar light for 70 min. The results are presented in Figure 
5.3.  
 
Figure 5.3 (a) Adsorption of RY161 for 1 h in different solution composition during adsorption-
desorption equilibrium process by P25, synthesised TiO2 and TiO2/P-BNNSs (38 wt %). “ND” noted no 
adsorption were detected. (b) Decolourisation of RY161 in different solution composition by P25, 
synthesised TiO2 and TiO2/P-BNNSs (38 wt %) in simulated solar light for 70 min. 
5.3.2.1 Influence of pH  
    The pH of effluent produced from practical cotton dyeing with reactive dyes is 
around 9-11.31 In order to understand how this pH influences the RY161 
decolourisation, RY161 (pH=11) solution was prepared by adjusting pH of RY161 
solution to 11 with sodium hydroxide. In this condition, as shown in Figure 5.3 (b), 
RY161 decolourisation percentage was 30.8% with presence of synthesised TiO2, 55% 
lower than that of RY161 in distilled water. This result is corresponding to previous 
reports, which explained the reduction may be due to the surface property of TiO2.122-
125 Specifically, the point of zero charge (pzc) of TiO2 is around 4.5-7125 and the surface 
of TiO2 is negatively or positively charged when the pH of solution is higher or lower 
than the pzc, which can be expressed as follows: 
 pH < pzc : Ti-OH + H+→ TiOH2+ 
           pH > pzc : Ti-OH + OH- → TiO- + H2O 
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    The pH of this solution was 11, higher than the pzc of TiO2, meaning that the surface 
of synthesised TiO2 was negatively charged. Given that RY161 is an anionic dye and 
also negatively charged in solution, electrostatic repulsive forces occurred between 
synthesised TiO2 surface and RY161, decreasing RY161 adsorption on synthesised 
TiO2. This reduced adsorption of RY161 was also confirmed by the phenomenon 
during adsorption-desorption equilibrium process, it is clearly seen from Figure 5.3 (a), 
the RY161 adsorption was 6.8% in RY161 solution, but no adsorption RY161 was 
observed in RY161 (pH=11) solution . 
    TiO2/P-BNNSs (38 wt %) were also negatively influenced in this condition. As can 
be seen in Figure 5.3 (a), the RY161 adsorption in RY161 (pH=11) solution was also 
7% lower than that in RY161 solution. This reduced adsorption ability of TiO2/P-
BNNSs (38 wt %) can be ascribed to electrostastic repulsion, which has been discused 
above, between RY161 molecules and  the synthesised TiO2 particles that were loaded 
on porous BNNSs. Besides, the RY161 decolourisation decreased from 96.5% in 
RY161 solution to 45% in RY161 (pH=11) solution. To summarise, the reduced 
adsorption and decolourisation trend of RY161 by TiO2/P-BNNSs (38 wt %) in RY161 
(pH=11) solution was similar to those by synthesised TiO2, suggesting the successful 
loading of synthesised TiO2 on porous BNNSs. 
    It is interesting to notice that unlike the synthesised TiO2, the RY161 decolourisation 
by P25 seemed not to be affected by adjusting the pH to 11. It can be seen from the 
Figure 5.3 (a) that although no RY161 adsorbed on P25 surface, which was a similar 
adsorption trend to the synthesised TiO2, the RY161 decolourisation did not change 
significantly. Bouanimba et al. studied the effect of pH on the photocatalytic 
decolourisation of Methyl Orange in the presence of two different kinds of TiO2 (P25 
and PC500) and concluded that these two photocatalysts reacted differently with the 
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variation of pH.126 Similarly, the synthesised TiO2 and P25 applied in this study also 
reacted differently when the pH of RY161 solution was 11.   
5.3.2.2 Influence of inorganic salts 
    RY161 decolourisation was decreased by adding inorganic salts (NaCl and Na2CO3). 
It can be seen from Figure 5.3 (b), for TiO2/P-BNNSs (38 wt %), RY161 
decolourisation percentage declined from 96.5% to 70%, while it reduced from 85.8% 
to 18.6% and from 71.2 % to 41.8% for synthesised TiO2 and P25, respectively.  
    A number of previous researches claimed the inorganic salts might inhibit photo 
degradation of dyes. Most commonly seen explaination is that inorganic anions may 
act as scavengers for holes (h+) or •OH.127-129 For chloride ions (Cl-) and (CO32-), their 
scavenging behaviour can be expressed as follows: 
Cl- +•OH → HOCl•-   
Cl- + h+ → Cl• 
CO32- + •OH → HO- +CO3• 
    In order to understand whether the decreased reduction was originated from the 
scavenging behaviour of Cl-  and CO32-, RY161 (NaCl) solution and RY161 (Na2CO3) 
solution were prepared. Decolourisation results are shown in Figure 5.4. 
 
Figure 5.4 (a) Adsorption and decolourisation of RY161 in RY161 (NaCl) solution by P25, synthesised 
TiO2 and TiO2/P-BNNSs (38 wt %). (b) Adsorption and decolourisation of RY161 in RY161 (Na2CO3) 
solution by P25, synthesised TiO2 and TiO2/P-BNNSs (38 wt %). 
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5.3.2.2.1 Influence of NaCl 
    As shown in Figure 5.4 (a), with the addition of NaCl, RY161 decolourisation 
enhanced insignificantly regardless P25, synthesised TiO2 or TiO2/ P-BNNSs (38 wt %) 
were used. These results suggested that the added Cl- ions herein did not perform as 
the scavengers and did not inhibit the RY161 decolourisation. In contrast, the 
decolourisation percentage was likely to be increased. Some recent studies have 
reported that Cl- ions had dual effect on photo bleacing on organic dyes. The photo 
reaction rate can also be accelerated at a certain salt concentrations.128 Yuan et al. 
studied photocatalytic degradation of Acid Orange 7 (AO7) with the presence of a wide 
range of concentration of Cl- ions and results showed that at a concentration range of 
0-200 mM, the obivous enhancement of AO7 decolourisation was observed while with 
higher content of Cl- ions (>200 mM), the photo bleaching rate was reduced.124 The 
enhanced decolourisation of RY161 herein, although insignificantly, may be due to the 
concentration of NaCl applied in this study was beneficial to the photo RY161 
decolourisation .  
5.3.2.2.2 Influence of Na2CO3 
    From Figure 5.4 (b) we can see that RY161 decolourisation in RY161 (Na2CO3) 
solution was 68.5%, which was slightly lower than that in RY161 solution where 
RY161 was dissolved in distilled water. Also, RY161 decolourisation in RY161 
(Na2CO3) solution was 21.4% by synthesised TiO2 and 49.5% by TiO2/P-BNNSs (38 
wt %), they were 64.7% and 47%, respectively lower than those in RY161 solution. 
The pH of RY161 (Na2CO3) was tested as 10.7, in which TiO2 was also negatively 
charged as this pH value was much higher than pzc of TiO2. Although CO32- was 
repelled by the negatively charged TiO2 surface, they could accumulate near the layer 
where sodium cations are strongly attracted by TiO2. Carbonate ions can strongly 
scavenge hydroxyl radicals, which can be expressed as follows: 
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CO32- + OH• → HO- + CO3• 
Given that the carbonate radicals have a lower oxidation potential (E0 (CO3•/ CO32-) 
=1.85 V) than hydroxyl radicals (E0 (•OH)/H2O) =2.8 V, their reactions with RY161 
are more difficult to initiate, thus leading to less RY161 decolourisation.122  
5.3.2.2.3 Influence of mixture inorganic salts 
    It is noticed from Figure 5.3 (b) that the total RY161 decolourisation in presence of 
mixed salts was much lower than with the only presence of NaCl or Na2CO3 at the 
same concentration (Figure 5.4). These results are consistent with the results 
concluded by Dong et al., who studied the decolourisation of Reactive Blue MS with 
addition of mixed salts, and concluded that different proportioned mixed salts 
differently affected the decolourisation of dyes.130  
    This may be attributed to the enhanced common ion effect of the combined salts. 
Dissolving situations of dyes are determiend by the aggregation and ionisation of dyes, 
which can be described as follows: 
Aggregation: 
2 Dye-SO3Na ↔ [ Dye-SO3Na]2 
n Dye-SO3Na ↔ [ Dye-SO3Na]n 
Ionisation: 
Dye-SO3Na ↔ Dye-SO3- +Na+  
Dye-SO3Na = single dye molecule 
[ Dye-SO3Na]2 or n = dye aggregation unit which consists of two or many single dye 
molecules 
    Electrostatic repulsion between dyes can be reduced when salts are added, leading 
to increased aggregation and decreased ionisation of dyes. Less dyes in water 
negatively affect their reactions with •OH, resulting in reduced degradation.130 
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    With the addition of mixed salts, TiO2/P-BNNSs (38 wt %) decolourised 70% 
RY161, 51% higher than synthesised TiO2 and 29% higher than P25. Again TiO2/P-
BNNSs (38 wt %) showed the higheset RY161 decolourisation percentage .  
5.3.3 Application and reusability of TiO2/P-BNNSs (38 wt %) in the 
simulated cotton dyeing effluent  
Two cotton dyeing effluent systems were simulated in this study. One was made up 
of unhydrolysed RY161 with relevant auxilaries (unhydrolysed) as described in Table 
5.1 while another one contianed fully hydrolysed RY161 with auxilaries (hydrolysed). 
In the later system, solution was put in a water bath at 80 oC for 2 h in the room 
temperature overnight to ensure complete hydrolysis of monochlorotriazinyl group of 
RY161. These systems were then added with P25, synthesised TiO2 and TiO2/P-
BNNSs (38 wt %)  and were irradiated in simulated sunlight. As shown in Figure 5.5 
(a) and (d), at the 70 mins’ irradiation, the RY161 decolourisation were 40%, 19% and 
70% in the unhdyrolysed system while were 35.7%, 27.4% and 77.7% in the 
hydrolysed system for P25, synthesised TiO2 and TiO2/P-BNNSs (38 wt %), 
respectively. As shown in Figure 5.5 (b) and (e), the ln (Co/C) plots show a linear 
relationship to irradiation time, revealing that the RY161 decolourisation in both 
systems went through the pseudo first order kinetic reaction regardless of P25, 
synthesised TiO2 or TiO2/P-BNNSs (38 wt %) were applied. The euqation pseudo first 
kinetic model can be expressed as: 
ሺܥ଴ܥ ሻ ൌ ݇ݐ 
Where C is the concentration of RY161 at different irradiation time; Co is the original 
concentration of RY161; k is the pseudo-first-order rate constant; t is the irradiation 
time; 
CHAPTER 5                          Colour removal by TiO2/P-BNNSs in the cotton dyeing effluent 
72 
 
    The slopes of the fitting curves are k values, reflecting the photo reaction rate. All k 
(min-1) values are summarised in Table 5.2. From Table 5.2, we can see that in both 
systems, RY161 decolourisation rate by TiO2/P-BNNSs (38 wt %) was higher than 
either P25 or synthesised TiO2. 
Table 5.2 Pseudo first order rate constants of photo reaction using P25, synthesised TiO2 and TiO2/P-
BNNSs (38 wt %) in the simulated cotton dyeing effluent 
k (min -1) kP25 ksynthesised TiO2 kTiO2/P-BNNSs (38 wt %) 
Unhydrolysed 0.00691 0.00298 0.01275 
Hydrolysed 0.00537 0.00444 0.01749 
 
    This rate by TiO2/P-BNNSs (38 wt %) 4 times the figure for synthesised TiO2, 
suggesting loading TiO2 on porous BNNSs is of vital significance to improve the 
decolourisation of reactive dyes in the cotton dyeing effluent. It can also be seen that 
compared with P25, the RY161 decolourisation rate by TiO2/P-BNNSs (38 wt %) also 
twice the figure for P25 in the unhydrolysed system and 3 times the rate by P25 in the 
hydrolysed system.  
It should be mentioned that RY161 decolourisation rate by P25 in the hydrolysed 
system is lower than that in the unhydrolysed system. On the contrary, this rate by 
synthesised TiO2 and TiO2/P-BNNSs (38 wt %) in the hydrolysed system is higher 
than that in the unhydrolysed system. It may be because the hydrolysis of RY161 
(monochlorotriazinyl group react with hydroxyl groups of water molecule) slightly 
decreased the alkalinity of the solution. These results corresponds to the results 
obtained from RY161 (pH=11) solution as mentioned in 5.3.2.1, which suggest the 
high alkalinity is beneficial to RY161 decolourisation by P25 while has adverse effect 
on RY161 decolourisation by synthesised TiO2 and TiO2/P-BNNSs (38 wt %). 
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In order to check the reusable ability of TiO2/P-BNNSs (38 wt %), these systems 
were irradiated continously, after another 90 min, RY161 decolourisation by TiO2/P-
BNNSs (38 wt %) in unhydrolysed system reached 90% while 100% in hydrolysed 
system. TiO2/P-BNNSs (38 wt %) were then collected by centrifugation and added 
into the newly-prepared unhydrolysed and hydrolysed systems and were subsequently 
irradiated under simulated solar light for 160 min. As shown in Figure 5.5 (c) and (f), 
during 5 cycles, the RY161 decolourisation by TiO2/P-BNNSs (38 wt %) in the 
unhydrolysed system remained at 86-90%, on the other hand, in the hydrolysed system, 
RY161 decolourisation reamined at 100%. The better performance of TiO2/P-BNNSs 
(38 wt %) than either sysntehsised TiO2 or commercial TiO2 (P25), and proved 
excellent durability for RY161 decolourisation in the simulated cotton dyeing effluent 
demonstrates their potentials for up-scale applications in real textile cotton dyeing 
effluent.   
 
Figure 5.5 RY161 decolourisation in the (a) unhydrolysed and (d) hydrolysed simulated cotton dyeing 
effluents by P25, synthesised TiO2 and TiO2/P-BNNSs (38 wt %). The decolourisation percentage of 
RY161 as a function of time by P25, synthesised TiO2 and TiO2/P-BNNSs (38 wt %) in the (b) 
unhydrolysed and (e) hydrolysed simulated cotton dyeing effluents, and TiO2/P-BNNSs (38 wt %) under 
simulated solar light with 5 successive cycles in the (c) unhydrolysed and (f) hydrolysed simulated 
cotton dyeing effluents. 
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5.4 Summary 
    The current study has demonstrated that the TiO2/P-BNNSs (38 wt %) can 
efficiently decolourise RY161. Either in pure RY161 solution or the simulated cotton 
dyeing effluent where RY161 solution was dropped with both alkali (pH=11) and 
inorganic salts (NaCl+Na2CO3), photo decolourisation percentage of RY161 was 
higher than those either used synthesised TiO2 or P25.  
    The photo decolourisation of RY161 by TiO2/P-BNNSs (38 wt %) was either 
inhibited by alkali (pH=11) or inorganic salts (NaCl+Na2CO3). Compared with pure 
RY161 solution, the RY161 decolourisation percentage decreased from 96.5% to 45% 
and to 70% for presence of alkali (pH=11) and inorganic salts (NaCl+Na2CO3), 
respectively.  
    Investigations on separate addition of NaCl and Na2CO3 revealed that Na2CO3 
showed higher inhibition in the RY161 decolourisation. This is more likely to be their 
scavenging bahaviour for hydroxyl radicals. In contrast, NaCl barely had any 
influences on RY161 decolourisation percentage.  
    In simulated cotton dyeing effluent, RY161 decolourisation process by TiO2/P-
BNNSs (38 wt %) fitted to pseudo first order kinetic reaction, their application in 
RY161 decolourisation rate approximately 4 times the results by synthesised TiO2 in 
both hydrolysed and unhydrolysed systems,  and almost twice those with P25 in the 
unhydrolysed system while three times the figure by P25 in the hydrolysed one. The 
excellent reusability of TiO2/P-BNNSs (38 wt %) was proved after their use for 5 
successive cycles, during which the RY161 decolourisation percentage remained at 
87%-90% in the unhydrolysed system and at 100% in the hydrolysed system.  
TiO2/P-BNNSs (38 wt %) are promising for textile dyeing effluent decolourisation 
not only because it showed better resistance towards the negative influence from other 
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compositions in the effluent such as alkali and inorganic salts, but also due to their 
excellent reusability in such a complex condition. 
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6 COLOUR AND HEAVY METALS REMOVAL BY TiO2/P-
BNNSs IN THE WOOL DYEING BATH 
6.1 Background 
    The sludge originating from wool dyeing process is a typical contaminated system 
which constitutes both unfixed dyes and heavy metals (i.e. chromium ions).131 Acid 
and mordant dyes are important for wool dyeing, accounting for almost 50% of all 
wool dyes are traded. Dyes have an adverse effect on the aquatic life and food web 
even in a very low concentration. In addition, the efficiency of dye removal by 
conventional treatments is still far from satisfactory due to the stability of the modern 
dyes.132-134 The heavy metals are mainly from the mordant dyeing process, in which 
the mordant (i.e. potassium dichromate) should be introduced to form complex with 
mordant dyes with the purpose of improving the wet and light fastness of the dyed 
wool fibres. Though other metals may provide good fastness with a few dyes, none 
provides as good a performance as chromium across the range of mordant dyes. 
Therefore, chromium has gained the dominant position and becomes the main source 
of the heavy metals in wool dyeing effluent.135 Chromium exists in the form of 
hexavalent chromium (Cr (VI)) or trivalent chromium (Cr (III)). Cr (VI) is the most 
toxic form, being carcinogenic and mutagenic to living organisms and is about 300 
times more toxic than Cr (III).136 Hence, it is of great significance to remove Cr (VI). 
To summarise, the coexistence of dyes and Cr (VI) in the wool dyeing effluent cannot 
only discrupt the balance of ecological environment but also pose a threat to human 
health.6 In this case, it is imperative to develop a technique that can simultaneously 
remove these residual dyes and chromium ions efficiently.  
    A number of researches have focused on eliminating dyes and Cr (VI) 
simultaneously by TiO2 photocatalysis.137-143 Theodora et al. investigated the 
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simultaneous removal efficiency for Acid Orange 20 (AO20) and Cr (VI) and they 
found that the removal rate of dyes and metal reduction was lower in the ternary system 
(AO20/ Cr (VI) /catalyst), than those in the binary system (AO20/catalyst or Cr 
(VI)/catalyst), which was due to the deactivation of photocatalysts.138 Similar results 
were also found by Colon et al, who studied the photo oxidation of salicylic acid and 
reduction of Cr (VI), and they summarised that in the ternary system, reduction of Cr 
(VI) was promoted while oxidation of salicylic acid oxidation was inhibited and also 
confirmed the reduced salicylic acid oxidation was owing to the deactivation of TiO2. 
In contrast, significant enhanced removal efficiency for both dyes and Cr (VI) were 
observed in some researches,137, 140, 142 which were ascribed to their synergetic effect, 
where dyes acted as holes’ scavengers and Cr (VI) served as electrons’ acceptors. 
However, the main barriers of the further development of TiO2 are its wide band gap 
and high recombination rate of electrons and holes produced from TiO2, leading to the 
low quantum efficiency.23 Also, simulating a wool dyeing system to contain the dyes 
and Cr (VI) is significant as this helps us take a closer step to the real wastewater 
treatment. However researches regarding this could seldom be found.   
   In this chapter, Lanaset Red 2B (LR2B) was selected because it is a commercial acid 
dye (mixture of acid red 252 and acid red 407) normally used in the wool dyeing 
industry.144 Taking the commonly used wool dyeing auxiliaries into consideration, 
including wetting agent, levelling agent, and a buffer system (sodium acetate and 
acetic acid), an acid wool dyeing bath for LR2B was simulated. Despite the fact that 
LR2B is not a mordant dye and would not discharge Cr (VI) in the dyeing effluent, Cr 
(VI) was considered as another targeted pollutant because the practical wool dyeing 
effluent is complex and the acid wool dyeing effluent might be mixed with mordant 
wool dyeing effluent. Removal of LR2B alone, Cr (VI) alone and their mixture in the 
simulated wool dyeing bath were investigated by the prepared TiO2/P-BNNSs. LR2B 
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removal was inhibited in the simulated wool dyeing bath when Cr (VI) was added, and 
vice versa. These decreases are possibly ascribed to the competiveness between LR2B 
and Cr (VI) for active sites on TiO2/P-BNNSs or the deactivation of TiO2/P-BNNSs, 
which is a result of their adsorption for products (Cr (OH)3) from Cr (VI) reduction. 
Simultaneous removal for LR2B and Cr (VI) was still achieved by TiO2/P-BNNSs 
after 5 successive cycles of use, during which TiO2/P-BNNSs showed particular 
stability for LR2B removal, indicating their potentials for the real dyeing wastewater 
treatment.  
6.2 Experimental 
6.2.1 Preparation of porous BNNSs and TiO2/P-BNNSs (38 wt %)  
    Preparation of porous BNNSs and TiO2/P-BNNSs (38 wt %) were the same as 
described in Chapter 4 (4.2.1 and 4.2.3). 
6.2.2 Simulated wool dyeing bath 
Lanaset Red 2B (LR2B), which is a commercial acid dye aims to dye wool fabric, 
was selected in this study. The wool dyeing bath was simulated instead of the wool 
dyeing effluent in order to obtain a “worst scenario” and in this case, the concentration 
of each component remained the same as the concentration at the beginning of dyeing. 
Compositions of the simulated wool dyeing bath are summarised in Table 6.1. 
 
 
 
 
 
Table 6.1 Compositions of the simulated wool dyeing bath 
Targeted pollutants   Concentration (mg L-1) 
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LR2B (Lanaset Red 2B)  50 
Cr (VI)   30-60 
Auxiliary chemical Function in the dyeing and /or rinsing process Concentration (g L
-1) 
Albegal FFA  Wetting agent 0.5 
Albegal A Levelling agent 1% o.w.f 
Sodium acetate pH buffer 1% o.w.f  
o.w.f: of weight fabric 
6.2.3 Photocatalytic test 
    In a typical run, simulated wool dyeing bath, compositions of which were presented 
in Table 6.1, was prepared. LR2B alone, Cr (VI) alone and their mixture were added 
in this simulated wool dyeing bath. Acetate acid (14M) and sodium hydroxide (0.1 M) 
were used to adjust the pH value of the simulated wool dyeing bath. The prepared 
solutions (50 mL) were added with TiO2/P-BNNSs (38 wt %) and were then stirred in 
the dark condition for 1 h to ensure the adsorption-desorption equilibrium, after which 
they were irradiated in Altas Suntest CPS1 instrument. During irradiation, 3 mL of 
suspension was extracted to be tested by the Varian Cary 3E UV/Vis. 
spectrophotometer every 1 h. The LR2B was analysed spectrophotometrically at λmax 
=514 nm while Cr (VI) was measured by the 1,5-diphenyl-carbazide (DPC) 
colourimetric method. Specifically, 2 mL extracted Cr(VI) containing solution was 
diluted to 9.5 mL by distilled water, followed by being adjusted the pH with sulfuric 
acid to 2±0.5, and was then added with 0.2 mL DPC (dissolved in acetone, 0.5 mg mL-
1), after which the solution was diluted with distilled water to 10 mL. This Cr (VI) 
containing solution was then left stand for 5 to 10 min and measured 
spectrophotometrically at  λmax =540 nm. Calibration curve of Cr (VI) solutions was 
obtained by this method with Cr (VI) concentration ranging from 1 mg L-1 to 10 mg 
L-1, as shown in Figure 6.1.  
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Figure 6.1 (a) UV/Vis. absorbance spectra of Cr (VI) solutions by 1,5-diphenyl-carbazide (DPC) 
colouremetric method in different Cr (VI) concentration. (b) Calibration curve for DPC colouremetric 
method. 
    The removal of LR2B and Cr (VI) could be calculated by Equation (6.1): 
                                LR2B /Cr (VI) Removal =஺௢ି஺௧஺଴ ྶ ͳͲͲΨ                             (6.1) 
Where At is the absorbance of the solution at maximum wavelength (λmax) at different 
irradiation time; A0 is the absorbance of original solution at λmax.   
6.3 Results and Discussion 
    LR2B degradation and Cr (VI) reduction were separately studied firstly, followed 
by studying the simultaneous LR2B and Cr (VI) removal in the simulated wool dyeing 
bath.  
6.3.1 LR2B degradation in the simulated wool dyeing bath 
    Before studying the simultaneous removal of LR2B and Cr (VI), the degradation of 
LR2B in such simulated wool dyeing bath was investigated. Influences of different pH 
and catalyst loading on LR2B removal were discussed.  
    It is important to understand the effect of pH on the LR2B degradation as pH varies 
in a wide range in real textile dyeing effluent. As long as the optimum pH is determined, 
the highest degradation efficiency for dyes can be achieved by simply adjusting the 
pH of the solution prior to the photocatalytic reactions. The LR2B degradation was 
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examined by adjusting the pH of the simulated wool dyeing bath to 3, 5, 7, 9 and 11 
by acetic acid or sodium hydroxide. 
 
Figure 6.2 (a) Influence of pH (3, 5, 7, 9 and 11) of the simulated wool dyeing bath on LR2B degradation 
(50 mg L-1) by 200 mg L-1 TiO2/P-BNNSs (38 wt %). (b) LR2B adsorption (50 mg L-1) on TiO2/P-BNNSs (38 
wt %) in the simulated wool dyeing bath with different pH (3, 5, 7, 9 and 11) for 1 h. (c) Influence of 
TiO2/P-BNNSs (38 wt %) loading (100 mg L-1, 200 mg L-1, 300 mg L-1, 400 mg L-1, 600 mg L-1and 800 mg 
L-1) on LR2B degradation (50 mg L-1) at pH=3. (d) LR2B adsorption (50 mg L-1) on TiO2/P-BNNSs (38 wt %) 
in the simulated wool dyeing bath with different TiO2/P-BNNSs (38 wt %) loading (100 mg L-1, 200 mg 
L-1, 300 mg L-1, 400 mg L-1, 600 mg L-1 and 800 mg L-1) for 1 h. 
    It is clearly seen from Figure 6.2 (a) that when the pH of the simulated wool dyeing 
bath was 3, the LR2B degradation of was mostly favoured, where 100% LR2B was 
achieved after 3 hours of irradiation. On the other hand, LR2B degradation percentages 
were similarly slower when pH ranged from 5 to 9, which were 82.5% for pH=5 and 
7, and 85.8% for pH=9 after the same irradiation time. Also, most negative influence 
on LR2B degradation was noticed when pH was 11, where merely 72% LR2B was 
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degraded. These results suggest that increased pH of the simulated wool dyeing bath 
is not beneficial to LR2B degradation. Similar results were also reported by Yu et al., 
who studied the Orange II decolourisation by ZnSO4-TiO2 at different solution with 
the pH from 3 to 10 and concluded that Orange II removal was most favoured at pH=3 
and unfavoured in an increasing pH. 143 
    Good LR2B degradation in the simulated wool dyeing bath with pH=3 is due to the 
good adsorption ability of TiO2/P-BNNSs (38 wt %) for LR2B. In such condition, 
LR2B adsorption was 30.6%, as depicted in Figure 6.2 (b), while those of pH from 5 
to 11 were only around 20% (19.7% to 23.7%). The adsorption ability is largely related 
to the surface chemistry of TiO2 in different pH. TiO2 could be negatively or positively 
charged when solution pH is higher or lower than zero charge point (pzc), which 
normally varies from 4.5-7.125 As a consequence, TiO2/P-BNNSs (38 wt %) surface 
might be positively charged when pH=3. Given that LR2B is negatively charged in 
solution,133 electrostatic attraction occurred between LR2B and TiO2/P-BNNSs (38 
wt %), leading to increased LR2B adsorption. This is significant as photo reaction 
species such as holes (h+) and hydroxyl radicals (•OH) are dominantly located on 
photocatalysts’ surfaces, which also has been discussed in 5.3.2.1.129 On the contrary, 
in alkaline solution, hydroxide anions (OH-) are less likely to adsorb on TiO2/P-BNNSs 
(38 wt %), the surface of which are negatively charged, due to Coulombic repulsion.17 
This can limit the production of •OH, which are responsible for oxidising the pollutants, 
thus preventing the pollutants’ removal. This prevention is more stressed in alkaline 
medium as previous research summarised that •OH played a more significant role than 
h+ in removing pollutants in alkaline condition.11, 17 This also explains why least LR2B 
degradation was observed when pH was 11.  
    The influence of catalyst loading was investigated by adding different amount of 
TiO2/P-BNNSs (38 wt %) ranging from 100 mg L-1 to 800 mg L-1. From Figure 6.2 (c) 
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it can be seen that with the increased amount of TiO2/P-BNNSs (38 wt %), increasing 
LR2B degradation was found however this growing trend disappeared when the 
catalyst loading was higher than 400 mg L-1. It is believed that the increasing LR2B 
degradation rate is owing to the increased LR2B adsorption on TiO2/P-BNNSs (38 
wt %), which was confirmed during adsorption experiments (as shown in Figure 6.2 
(d)), where 8.5% LR2B was adsorbed when 100 mg L-1 TiO2/P-BNNSs (38 wt %) were 
added. After increasing the TiO2/P-BNNSs (38 wt %) to 400 mg L-1, LR2B adsorption 
grew to 30.6% accordingly, and adsorption did not change considerably by further 
increasing the amount of TiO2/P-BNNSs (38 wt %) (35.9% for 600 mg L-1 and 33.2% 
for 800 mg L-1). The adsorption trend was so similar to degradation trend that it can 
be concluded the adsorption ability of TiO2/P-BNNSs (38 wt %) plays a vital role in 
degrading LR2B. Besides, more TiO2/P-BNNSs (38 wt %) provided more reactive 
sites for LR2B degradation.17 However, further increase of TiO2/P-BNNSs (38 wt %) 
might result in the agglomeration, leading to less adsorption and reactive sites. Also 
the light is prone to be intercepted by the suspension if excessive TiO2/P-BNNSs (38 
wt %) were added. 21 
6.3.2 Cr (VI) reduction in the simulated wool dyeing bath 
    Cr (VI) reduction in the simulated wool dyeing bath was carried out with pH varied 
from 3 to 7 while Cr (VI) concentration ranged from 30 mg L-1 to 60 mg L-1. 
Experimental results are presented in Figure 6.3.  
A number of researches have concluded that a lower acidity resulted in higher Cr 
(VI) reduction in distilled water.53, 54, 139 Our results also suggested that Cr (VI) 
reduction was favoured in acidic condition in the simulated wool dyeing bath. From 
Figure 6.3 (a) we can see that when the pH of the simulated wool dyeing bath was  
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Figure 6.3 (a) Influence of pH (3, 5, and 7) of the simulated wool dyeing bath on Cr (VI) (50 mg L-1)  
reduction by 200 mg L-1 TiO2/ P-BNNSs (38 wt %). (b) Influence of Cr (VI) concentration (30 mg L-1, 40 
mg L-1, 50 mg L-1and 60 mg L-1) in the simulated wool dyeing bath on Cr(VI) reduction with 200 mg L-1 
TiO2/P-BNNSs (38 wt %) with pH=3. 
adjusted to 3, 100% Cr (VI) could be reduced after irradiation for 3 hours, however 
only 68.2% Cr (VI) was reduced when pH was 5 and even less when pH was 7 (38.4% ).  
    The Cr(VI) concentration was also varied from 30 mg L-1 to 60 mg L-1 in the 
simulated wool dyeing bath with pH=3. It can be seen from Figure 6.3 (b) that the 
reduction rate was declined with increasing Cr (VI) concentration. Specifically, after 
1 hour’s simulated solar light irradiation, 95% Cr (VI) (30 mg L-1) could be reduced, 
however there was only 75% Cr (VI) (40 mg L-1) reduced and 65% and 50% of Cr (VI) 
were reduced for 50 mg L-1 and 60 mg L-1 Cr (VI) solutions, respectively. The 
increasing concentration of Cr (VI) might lead to competitiveness of reactive sites on 
TiO2/P-BNNSs (38 wt %), resulting in the decreased reduction rate. 
6.3.3 Simultaneous LR2B and Cr (VI) removal in the simulated wool dyeing 
bath 
    After investigating different parameters for LR2B degradation in the simulated wool 
dyeing bath, simultaneous removal of LR2B and reduction Cr (VI) was studied. The 
initial concentration of LR2B was selected as 50 mg L-1, TiO2/P-BNNSs (38 wt %) 
loading was 200 mg L-1, and the pH was 3. These parameters were chosen because 
CHAPTER 6    Colour and heavy metals removal by TiO2/P-BNNSs in the wool dyeing bath 
85 
 
entire LR2B degradation could be achieved after irradiation for 5 hours in this 
condition. The influences of pH and LR2B/Cr (VI) concentration ratio on simultaneous 
LR2B and Cr (VI) removal were also investigated in the simulated wool dyeing bath.  
6.3.3.1 Influence of pH  
 
Figure 6.4 Influence of pH (3, 5, and 7) of the simulated wool dyeing bath on simultaneous removal of 
(a) LR2B and (b) Cr (VI) in mixed presence of LR2B (50 mg L-1) and Cr (VI) (50 mg L-1) with 200 mg L-1 
TiO2/P-BNNSs (38 wt %). 
    Although the respective removal of LR2B and Cr (VI) were favoured in acidic 
condition, it is important to investigate the influence of pH of the simulated system on 
their simultaneous removal. The pH was varied from 3 to 7, and the simultaneous 
results for LR2B and Cr (VI) removal are presented in Figure 6.4. It can be seen that 
an acidic medium favoured both LR2B and Cr (VI) removal. As shown in Figure 6.4 
(a), during the simultaneous removal process, LR2B removal achieved the highest 
percentage (73.4%) after 5 hours’ irradiation at pH=3, whereas 64.3% and 48.5% 
LR2B were decolourised for pH=5 and pH=7, respectively. Likewise, one can see from 
Figure 6.4 (b) that Cr (VI) was completely removed when the pH of the simulated 
system was 3, and 81% Cr (VI) was reduced for pH=5. Even less Cr (VI) could be 
removed (32.9%) when pH of the simulated system was 7. These results suggest that 
the optimum pH for simultaneous LR2B and Cr (VI) removal is 3, which would be 
selected for the further investigations as discussed below.  
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6.3.3.2 Influence of LR2B/Cr (VI) concentration ratio 
Figure 6.5 (a) suggest that Cr (VI) addition is detrimental to LR2B degradation. 
Specifically, 100% LR2B could be degraded in the binary system (LR2B/ (TiO2/P-
BNNSs) ) after being irradiated for 5 hours while only 74.6% LR2B was degraded in 
the ternary system (LR2B/Cr(VI)/( TiO2/P-BNNSs)). It could also be noted that the 
variation of Cr (VI) concentration had negligible influence on LR2B removal in the 
ternary system as LR2B degradation remained at around 70~75% regardless of the Cr 
(VI) concentration.  
    These results are consistent with the work from Theodora et al., who studied the 
Acid Orange 20 (AO20) oxidation and Cr (VI) reduction, and found TiO2 performed 
reduced activity for removal of both AO20 and Cr (VI) in the ternary system than in 
their respective binary system. They also presumed that 1) AO20 and Cr (VI) might 
compete with each other for active sites on TiO2, thus reducing the adsorption sites for 
each pollutants, leading to decreased photocatalytic performance. 2) The adsorption 
ability of TiO2 was also impaired by the adsorbed precipitates such as Cr (OH)3.137 
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Figure 6.5 Removal of (a) LR2B in the binary (LR2B/ (TiO2/P-BNNSs) and ternary (Cr (VI)/LR2B/ (TiO2/P-
BNNSs) systems and (b) Cr (VI) removal in the binary (Cr (VI)/ (TiO2/P-BNNSs) and ternary (Cr (VI)/LR2B/ 
(TiO2/P-BNNSs) systems with Cr(VI) concentration varied from 30 mg L-1 to 60 mg L-1 in the simulated 
wool dyeing bath at pH=3 for 5 hours’ simulated solar light irradiation. (c) LR2B (50 mg L-1) adsorption 
on TiO2/P-BNNSs (38 wt %) (200 mg L-1) in the simulated wool dyeing bath at different Cr (VI) 
concentration (30 mg L-1 to 60 mg L-1) for 1h. (d) Cr (VI) removal in the binary (Cr (VI)/ (TiO2/P-BNNSs) 
and the ternary (Cr (VI)/LR2B/ (TiO2/P-BNNSs) systems with Cr(VI) concentration varied from 30 mg L-
1 to 60 mg L-1 in the simulated wool dyeing bath at pH=3 for 1 hour’s simulated solar light irradiation. 
    In this simulated system, reduced LR2B removal may also be attributed to the 
competitive adsorption between LR2B and Cr (VI) on the surface of TiO2/P-BNNSs 
(38 wt %), as presented in Figure 6.5 (c), LR2B adsorption decreased from 17.2% to 
12% with increasing Cr (VI) concentration from 30 mg L-1 to 60 mg L-1. Besides, the 
Cr (OH)3 was also greatly adsorb on TiO2/P-BNNSs (38 wt %) composites’ surface, 
reducing the active sites, hindering the photocatalytic behaviour of TiO2/P-BNNSs (38 
wt %). This deactivation was confirmed by the degradation trend of LR2B (Figure 6.5 
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(a)), the curves of LR2B degradation tended to reach a plateau with irradiation time 
increasing regardless of the concentration of Cr (VI), suggesting photocatalytic 
performance of TiO2/P-BNNSs (38 wt %) gradually diminished.  
    While LR2B was being degraded, Cr (VI) was also reduced to Cr (III). Similarly, 
the LR2B presence also had negative influence on Cr (VI) removal. Results in Figure 
6.5 (b) show that Cr (VI) removal in the ternary systems were lower than those in the 
binary systems (Cr (VI)/ (TiO2/P-BNNSs)), this decrease was slightly emphasised 
when the Cr (VI) concentration increased from 30 mg L-1 to 60 mg L-1. Figure 6.5 (d) 
gives the Cr (VI) removal percentages in its binary and ternary systems in the 
simulated wool dyeing bath after simulated solar light irradiation for 1 hour, it can be 
seen that in the binary system, 95.7% of 30 mg L-1 Cr (VI) was removed while less Cr 
(VI) (30 mg L-1) was removed (90%) in the ternary system. Similarly, in terms of 40 
mg L-1 Cr (VI) solutions, 75% Cr (VI) was removed in the binary system, around 10% 
higher than that in the ternary system. For 50 mg L-1 and 60 mg L-1 Cr (VI) solutions, 
1% and 6% higher Cr (VI) removal were noticed, respectively, in the ternary system 
than those in the binary system. The reason for the decreased Cr (VI) reduction in 
ternary system might also be due to the deactivation of reaction sites on TiO2/P-BNNSs 
(38 wt %)  
6.3.3.3 Reusability of TiO2/P-BNNSs (38 wt %) for simultaneous LR2B and Cr 
(VI) removal in the simulated wool dyeing bath 
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Figure 6.6 Simultaneous removal of LR2B and Cr (VI) in the simulated wool dyeing bath by TiO2/P-
BNNSs (38 wt %) for 5 successive cycles. 
    TiO2/P-BNNSs (38 wt %) were recollected to be added in the newly prepared 
simulated wool dyeing bath containing LR2B (50 mg L-1) and Cr (VI) (50 mg L-1) for 
5 hours’ irradiation and this process was repeated for 5 times, during which 
simultaneous LR2B and Cr(VI) removal was recorded. As depicted in Figure 6.6, both 
LR2B and Cr (VI) removal were reduced gradually during recycle processes. To be 
specific, LR2B removal decreased from 74.7% to 59.5% while Cr (VI) removal 
declined more significantly, from 100% to 27%. These decreases further demonstrated 
the deactivation of these composites during their applications, which was a result of 
reduced adsorption capability of TiO2/P-BNNSs (38 wt %). The decreased adsorption 
was confirmed as the adsorption LR2B on TiO2/P-BNNSs reduced from 17.7% at the 
1st cycle to 8.8% at the 5th cycle while Cr (VI) adsorption declined from 8% to 0%. 
Also, the decreased Cr (VI) removal was greater than LR2B removal probably because 
the affinity of LR2B for TiO2/P-BNNSs (38 wt %) was higher than that of Cr (VI). 
Despite these decreases, simultaneous removal of LR2B and Cr (VI) still achieved 
after several cycles, especially the LR2B removal percentage decreased insignificantly, 
indicating their potentials for practical dyeing wastewater treatment. 
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6.4 Summary 
Both LR2B and Cr (VI) removal were reduced in the ternary system (LR2B/Cr (VI)/ 
(TiO2/P-BNNSs)) compared with those in their respective binary systems (LR2B/ 
(TiO2/P-BNNSs) or Cr (VI)/ (TiO2/P-BNNSs)) in the simulated wool dyeing bath. 
With the addition of Cr (VI), LR2B removal decreased from 100% to 74.7%. However 
with increasing added Cr (VI) concentration from 30 mg L-1 to 60 mg L-1, LR2B 
removal did not changed significantly, remaining at around 75%. The addition of 
LR2B also negatively influence Cr (VI) removal, which was also declined gradually 
with Cr (VI) concentration increasing from 30 mg L-1 to 60 mg L-1, ranging from 90% 
to 43% after 1 hour’s simulated solar light irradiation. These decreases are possibly 
ascribed to the partial deactivation of TiO2/P-BNNSs (38 wt %), which was a result of 
adsorption of by products (Cr (OH)3) from Cr(VI) reduction on TiO2/P-BNNSs (38 
wt %). Simultaneous LR2B and Cr (VI) removal was achieved after the use of TiO2/P-
BNNSs (38 wt %) for several cycles, during which LR2B removal declined 
insignificantly particularly. 
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7 CONCLUSIONS AND FURTHER WORKS 
7.1 Conclusions 
    A large quantity of dyes in textile dyeing wastewater cause serious environmental 
issues. It is imperative to develop a green technique to efficiently treat this effluent 
system. From the research conducted in this thesis, TiO2/porous BNNSs composites 
(TiO2/P-BNNSs) acting as active photocatalysts to environmentally friendly remove 
dyes and heavy metals was demonstrated and it can conclude:  
x The literature review summarised that conventional technologies, including 
chemical, physical and biological methods were inefficient and sometimes 
even caused secondary environmental problems. In contrast, TiO2 
photocatalysis, an advanced oxidation process, has ignited scientists’ 
enthusiasm in recent years due to its cost-effectiveness, high efficiency and 
environmental benign nature. Consequently, this technique requires further 
development, aiming at designing TiO2 with high activity and exploring its 
performance in different dyeing effluent conditions. 
x By tuning and tailoring optical properties of TiO2, high photocatalytic activity 
of the modified TiO2 can be achieved. Modifications including doping TiO2 
with metal ion, non-metal ion, coupling with other semiconductors or 
incorporating with two dimensional (2D) materials such as graphene 
nanosheets to fabricate composites, can enhance photocatalytic performance of 
TiO2 significantly. Inspired by those methods, this research applied porous 
BNNSs, a 2D materials with a number of strengths such as good adsorption 
ability, chemical inertness and excellent thermal stability, to be incorporated 
with TiO2.  
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x A solvothermal method was used in this study to in-situ synthesise TiO2 on 
porous BNNSs. Their photocatalytic performance was evaluated by the 
Rhodamine B (RhB) degradation percentage in simulated solar light (λ>300 
nm). It showed that TiO2/P-BNNSs exhibited superior photocatalytic 
performance than synthesised TiO2, commercial TiO2 (P25) and TiO2/non-
porous BNNSs composites. Among all the prepared TiO2/P-BNNSs (TiO2 
loading: 18 wt %, 38 wt % and 51 wt %), which were added 40 mg porous 
BNNSs with 1 mL, 2 mL and 3 mL TiO2 precursor, respectively, TiO2/P-
BNNSs (38 wt %) showed exceptional photocatalytic performance for RhB. 
This is probably because TiO2 loading of 18 wt % was insufficient, leading to 
reduced photon harvest whereas 51 wt % TiO2 loading was excessive to block 
the photo-electron transfer, thus impairing their photocatalytic activity. These 
results lead to the selection of optimised TiO2/P-BNNSs are those with 38 wt % 
TiO2 loading. 
x Besides RhB, TiO2/P-BNNSs (38 wt %) were also used to reduce Cr (VI) 
solution in simulated solar light (λ>300 nm), and the results showed their 
ability to reduce Cr (VI) was much better than those by either synthesised TiO2 
or P25, elucidating that TiO2/P-BNNSs (38 wt %) can remove both organic and 
inorganic substances, acting as potential candidates for textile dyeing 
wastewater treatment. 
x TiO2/P-BNNSs (38 wt %) also performed well in visible light irradiation 
(λ>420 nm). In the same experimental condition, TiO2/P-BNNSs (38 wt %) 
can remove RhB and Cr (VI) completely however with P25, only 36% RhB 
was removed and no Cr (VI) removal was observed. 
x TiO2/P-BNNSs (38 wt %) were further characterised by XRD, FTIR, XPS, 
UV/Vis. and TEM. HRTEM images showed the uniform distribution of TiO2 
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(7~15 nm) on porous BNNSs and indicated a well-defined crystallinity of TiO2 
with lattice spacing of 0.355 nm, which corresponded to the anatase phase of 
TiO2. XRD pattern also confirmed the TiO2 was the anatase phase. Compared 
with UV/Vis. absorbance spectra of synthesised TiO2, UV/Vis. absorbance 
spectra of TiO2/P-BNNSs (38 wt %) presented a red shift, implying energy 
rearrangements in prepared TiO2/P-BNNSs (38 wt %). XPS results 
demonstrated the existence of bond (B-O-Ti) formation between TiO2 and 
porous BNNSs. However these bonds could not be found in TiO2/non-porous 
BNNSs composites. These facts indicate the importance of porous BNNSs and 
their important role in acting as a supporting material for TiO2 to improve the 
photocatalytic performance. 
x The mechanism of the improved photocatalytic activity for TiO2/P-BNNSs (38 
wt %) was explained by the narrowed band gap, facilitated electron-hole 
separation and strengths of porous BNNSs, all of which were proved 
experimentally. Specifically, using Kubelka-Munk function, the estimated 
band gap of synthesised TiO2 (3.13 eV) was narrowed to 2.98 eV after it was 
incorporated with porous BNNSs. Excellent performance of TiO2/P-BNNSs 
(38 wt %) in visible light irradiation (λ>420 nm) experimentally proved this 
theoretical narrowed band gap. Besides, TiO2/P-BNNSs (38 wt %) had higher 
current intensity than the synthesised TiO2 in simulated solar light irradiation, 
suggesting an accelerated electron transfer. A higher population of free radicals, 
which were derivatives from electrons and holes, was also found on TiO2/P-
BNNSs (38 wt %), reflecting the facilitated electron-hole separation and 
showing a higher number of oxidation species for pollutants on the surface of 
TiO2/P-BNNSs (38 wt %). The porous BNNSs not only endowed TiO2/P-
BNNSs (38 wt %) with high adsorption ability due to its large surface area, but 
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also provided a large number of pores where dangling boron bonds were 
positioned to form bonds with TiO2. These B-O-Ti bonds are the reason why 
band gap can be narrowed (energy rearrangement between TiO2 and porous 
BNNSs), and electron-hole separation can be facilitated (electrons can transfer 
from TiO2 to porous BNNSs through these bonds). 
x In the simulated cotton dyeing effluent, which was composed of Reactive 
Yellow 161 (RY161), alkali (pH=11) and inorganic salts (2 g L-1 NaCl and 
0.625 g L-1 Na2CO3), the influence of alkali (pH=11) on RY161 decolourisation 
was investigated and the results suggested that reduced RY161 decolourisation 
percentage was found in alkaline condition (pH=11) with the application of 
either synthesised TiO2 or TiO2/P-BNNSs (38 wt %), which can be explained 
by the surface chemistry of TiO2. Despite these reduced decolourisation 
percentages, TiO2/P-BNNSs (38 wt %) performed superior photocatalytic 
activity in RY161 decolourisation to synthesised TiO2 in alkaline condition.  
x Mixed salts (NaCl and Na2CO3) also negatively influenced RY161 
decolourisation by synthesised TiO2 and TiO2/P-BNNSs (38 wt %), which was 
more likely to be attributed to the “common ion effect” instead of the combined 
influence of NaCl and Na2CO3 because the total RY161 decolourisation in 
presence of mixed salts was much lower than those with the only presence of 
NaCl or Na2CO3 at the same concentration. 
x Negligible influence of NaCl on RY161 decolourisation was observed while 
with the presence of Na2CO3, RY161 decolourisation was considerably 
inhibited. This may be because the concentration of NaCl selected in this study 
could not influence the RY161 decolourisation and the CO32- can scavenge the 
hydroxyl radicals.  
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x In the simulated cotton dyeing effluent, the decolourisation rate of RY161 by 
TiO2/P-BNNSs approximately 4 times the results by synthesised TiO2 in both 
hydrolysed and unhydrolysed simulated systems and almost twice the figure 
by P25 in the unhydrolysed system while 3 times the result with P25 in the 
hydrolysed system. The good reusability of TiO2/P-BNNSs (38 wt %) was 
proved after their use for 5 successive cycles, during which the RY161 
decolourisation percentage remained at 87%-90% in the unhydrolysed system 
and at 100% in the hydrolysed system.  
x A wool dyeing bath was also simulated to investigate the Lanaset Red 2B 
(LR2B) removal in such condition by TiO2/P-BNNSs (38 wt %). Parameters 
including pH and catalyst loading were investigated to determine the optimised 
LR2B removal condition. The pH of the simulated wool dyeing bath was from 
3 to 11 and the results showed pH=3 was the optimised pH for LR2B removal 
while pH=11 lead to the least LR2B removal. The TiO2/P-BNNSs (38 wt %) 
loading in the simulated wool dyeing bath was selected ranging from 100 mg 
L-1 to 800 mg L-1. Results showed that further increased loading of TiO2/P-
BNNSs (38 wt %) did not increase the LR2B removal when the amount of 
TiO2/P-BNNSs (38 wt %) was higher than 400 mg L-1. 200 mg L-1 was 
determined as the optimum loading while pH was selected as 3 as LR2B could 
be completely removed in these conditions after irradiation for 5 hours.    
x Besides investigating LR2B in the simulated wool dyeing bath alone, Cr (VI) 
removal alone in this simulated wool dyeing bath was also carried out by 
varying pH from 3 to 7 and concentration from 30 mg L-1 to 60 mg L-1 with 
200 mg L-1 TiO2/P-BNNSs (38 wt %). From the experimental results it can be 
concluded that lower pH benefits to Cr (VI) removal in this simulated system 
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and with the increasing concentration of Cr (VI), its removal decreases 
gradually.  
x Simultaneous removal of LR2B and Cr (VI) was also investigated in the 
simulated wool dyeing bath, pH of which was adjusted to 3 and TiO2/P-BNNSs 
(38 wt %) loading was 200 mg L-1. LR2B removal was largely inhibited with 
the presence of Cr (VI), LR2B removal decreased from 100% to 70%~75% 
regardless of concentration of Cr (VI) varying from 30 mg L-1 to 60 mg L-1. 
The reduced LR2B removal in the ternary system (LR2B/Cr(VI)/TiO2/P-
BNNSs) may be owing to the deactivation of TiO2/P-BNNSs (38 wt %), which 
was a result of the adsorption of Cr(OH)3 produced from Cr(VI) reduction. 
Furthermore, in the ternary system, Cr (VI) reduction percentage declined from 
100% to 59.2% with Cr (VI) concentration increased from 30 mg L-1 to 60 mg 
L-1.  
x The deactivation of TiO2/P-BNNSs (38 wt %) was confirmed during their 
recyclable use for simultaneous LR2B and Cr (VI) removal in the simulated 
wool dyeing bath. In this processes, adsorption and removal ability of these 
composites decreased. Specifically, LR2B adsorption reduced from 17.7% to 
8.8% while Cr (VI) adsorption declined from 8% to 0%. Besides, LR2B 
removal reduced from 74.7% to 59.5% and Cr (VI) removal decreased from 
100% to 27%. The insignificant reduction of LR2B removal implicates these 
composites are potential materials for practical dyeing wastewater treatment. 
7.2 Suggestions for further work 
    To achieve real textile dyeing wastewater by TiO2/P-BNNSs with high efficiency, 
more work needs to be done especially considering to the up-scale application in 
practical use. Some suggestions for further work are: 
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x The compositions in real textile dyeing wastewater are much more complicated. 
In this regard, real textile dyeing wastewater needs to be treated instead of the 
simulated solutions prepared in a lab scale. 
x  The prepared TiO2/porous BNNSs composites are still in a powder form and 
the recollection of them is achieved by centrifugation. Combining them with 
bulk materials to make them as pellets, films or aerogels are recommended to 
simplify the recollection process. 
x  Combining the TiO2 photocatalytic technique with other treatments to 
comprehensively remove different kinds of pollutants in the textile dyeing 
wastewater are also significant. Further economic evaluation of such 
established system can be the first step to achieve real industrial applications. 
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